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ABSTRACT

This research is centered on the analysis of wetting and wicking phenomena.
In six chapters we discuss static and dynamic effects of wetting of single capillary and
fibers.
In the first chapter, we review the prior work and formulate the research goals.
In the second chapter, we develop a mathematical model of liquid uptake by
capillaries and analyze the factors affecting liquid uptake. We derived a fundamental
equation describing the dynamics of the fluid uptake by short capillaries where the
effects of apparent mass, gravity and air resistance can be neglected. The scaling
analysis reveals four different regimes of liquid flow that can be classified by a phase
diagram. This phase diagram can guide the design of porous absorption materials.
Spontaneous uptake of liquids by millimeter long capillaries happens in
milliseconds. The results of the experimental studies of the liquid uptake depend on
the technique that is used to track the wetting front. In the third chapter, we report on
the development of the Matlab® image analysis tools and their application to study
meniscus formation. The developed programs were used to determine the shape and
position of the liquid/gas interfaces inside the capillary, and to track the contact angle
and location of the meniscus forming on the exterior surface of the capillary or fiber.
In the fourth chapter, we describe the experimental setups. We explained the
setup that has been used in our studies of liquid uptake by single capillaries. A
capillary rise technique has been employed for the analysis of meniscus formation on
external surface of the capillary.
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In the fifth chapter, we discuss specifics of the capillary rise and drop-on-fiber
techniques. The contact angles were evaluated and compared for different substrates.
We study the dynamics of the meniscus formation inside and outside of capillaries
and fibers. The effect of thermo-responsive polymer coatings on the contact angle
alternation was also demonstrated and discussed.
Chapter six features experimental results on spontaneous liquid uptake by a
single capillary. We tracked the meniscus position inside single capillary tubes of
different sizes, experimentally checked the influence of different forces on liquid
uptake such as gravity and air resistance forces and compared the results with the
theoretical predictions developed in chapter two. The phase diagram was built on the
basis of numerical solution of the fundamental equation of liquid uptake and
compared with the experimental data.
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GENERAL INTRODUCTION

1.1 Estimation of contact angles on fibers.
Interactions of liquids with fibrous materials have attracted great attention
since ancient times when man noticed wicking of rain droplets into hair and then
textile materials[1]. Recently, fiber based micro and nanofluidics appeared on the
fluidic and lab-on-a-chip scene and posed new problems of wetting and transport[24].
While the interactions of droplets with flat surfaces are well understood[5], the
interactions of droplets with fibrous materials are currently under active
investigation[1, 6-8]. If a liquid of low surface energy is dropped on a flat surface, it
spreads on it to from a thin film. However if the same liquid is dropped on the fiber
made of the same material, it may not spread at all[9] (Figure 1.1). A liquid droplet
may happily sit on the fiber in a barrel-like shape with a vanishing contact angle[1012].

Drop on the wire

Drop on the flat surface

Figure 1.1. Spreading of the liquids on the wire (top row) and on the flat surface
(bottom row). High surface energy surface – left column; low surface energy – right
column.
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The drop shape is described by the Laplace equation[5, 13]. This equation
states that the difference between the pressure in the liquid and surrounding gas is
proportional to the surface tension of the liquid/gas interphase and the sum of two
principal curvatures. The Laplace equation explains the existence of non-spreading
drop on the fiber by a counter balance of these principal curvatures.
In the absence of gravity, the drop on a fiber can attain two fundamentally
distinct

configurations:

symmetric

barrel

and

asymmetric

clam-shell

configurations[10, 11, 14]. Adam was one of the first researchers who studied the
behaviour of oil droplets on fibers surrounded by water[14]. In these conditions,
Adam reported for the first time an existence of a wetting transition manifested
through the change of the drop configuration from a barrel to clamshell like[14]. It
was later shown that the transition happens when the volume of the studied droplet
falls below a certain value or the contact angle exceeds a certain critical value[10-12].
A phase diagram for a single drop on a fiber was calculated by solving the
Laplace equation using Finite Element Method[11, 12]. The stability boundary was
specified and the barrel-to-clam-shell transition was investigated. This diagram was
recently extended to include the effect of droplet weight[12].
The phase diagram without gravity effect (a) and with gravity included (b)
shows distinct features (Figure 1.1). Reprinted with permission from[12]. Copyright
(2012) American Chemical Society.
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a)
b)
Figure 1.2. a) Conformation of the drop-on-fiber in the absence of gravity. The
symbols ■ and □ denote clam-shell only and barrel only, respectively. The red
symbols ○ and ● depict the coexistence with lower energy for clam-shell and barrel,
respectively. The · · · , -, and --- lines represent metastability condition, inflection
condition, and absolute stability, respectively. b) Conformation of the drop-on-fiber
in the presence of gravity. The green symbol, * and ■ represent falling-off and
downward clam-shell, respectively. The red symbol ● depicts the coexistence of
downward clam-shell and barrel conformations.

In the absence of gravity, the regime where both drop conformations can exist
is very broad. The barrel exists as long as the volume is large and the contact angle is
small.
When the gravity effect is present, the coexistence region of barrel-like
droplets and clam-shells confined in a small red domain shown in Figure 1.1 (b). It
was found that axisymmetric barrel-like droplets do not exist. If asymmetric barrel
droplet is observed, the downward clam-shell conformation can be seen as well.
When the droplet volume exceeds a certain value, the droplet falls off the fiber.
Carroll[10] together with Yamaki and Katayama[15] were the first to publish a
method for determining the contact angle of droplets on fibers. The derived analytical
expressions relate the length, surface area, volume, contact angle and Laplace excess
3

pressure of a liquid drop adhering to a cylindrical fiber. The formulas are limited to
symmetrical droplets and do not cover the clam-shell configurations.
McHale and the team theoretically studied the profile of the barrel shaped
drops and searched for an extent to which the change in curvature changes the surface
energy and maximum slope of the profile[16]. To characterize the droplet shape on
cylindrical wires, the authors measured both the inflection angle and dimensionless
radius R/r and length L/r of the droplet, were r is the wire radius. Experimental results
of droplets of silicone oil on a copper wire have shown that as the curvature of the
drop increased, the effect of gravity decreased and the shape of the droplet could be
approximated by a symmetrical barrel. The inflection angle was found to be
dependent on the dimensionless volume V/r3: as the dimensionless volume of the
droplet increases, the inflection angle changes from 7o to 30o, while the contact angle
stays zero. Although the proposed method improved an estimate of the equilibrium
contact angle of silicone oil on the fiber, it did not allow its effective determination.
Due to a problem with the determination of contact angle of a drop on a fiber,
there was significant effort to find a full analytical solution of the Laplace equation.
Wagner[17] and Song et al.[18] developed an algorithm to invert Carroll’s
formulas and then to extract the contact angle numerically from the experimental data.
The static contact angle obtained by this method appeared accurate when it was less
than 30°. These methods are highly sensitive to the accuracy of numerical calculation
of the incomplete Legendre’s elliptic integrals, Carson’s integrals of the first and the
second kinds, and the numerical solutions of algebraic equations involving
trigonometrical functions.
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Despite all of these efforts, there are no methods applicable for the
characterization of fibers with a wide range of contact angles.

1.2 Studies of the external meniscus.
The science behind the origin and the shape of the static meniscus have been
first reported by Hauksbee[19], and later on cited by Maxwell[20] in the introduction
to the Capillary Action published in Encyclopaedia Britannica. Laplace[13] defined
the shape of meniscus on the planar wall as σC = ρgh, where C is the curvature of the
interface and σ is surface tension of the liquid. Expressing the curvature C through
derivatives of the meniscus profile, Laplace integrated twice this equation with
appropriate boundary conditions to obtain an analytical solution. This solution was
later discussed by Bouasse[21]. White & Tallmadge[22] numerically solved the
Laplace equation for a meniscus on a fiber when r0/a << 1, where r0 is the fiber radius
and (a≡σ/ρg)-0.5. Analytical description of the shape of the meniscus in the region
close to the fiber can be obtained as follows: the Laplace equation is approximated as
σC = 0, and is integrated in cylindrical coordinates. The resulting solution, a catenary,
can be matched with an asymptotic solution for a perturbed free liquid surface where
gravity is taken into account with an appropriate asymptotic matching technique. This
technique was first developed by James[23] and improved by Lo[24]. Pitts[25] in his
work has discussed the stability of these static solutions.
Quere and di Meglio[26] took the challenge of determining the dynamics of
the meniscus formation for different fiber radii r0 and various liquid viscosities µ.
Keller & Miksis[27] proposed a solution for a large Bond numbers (Bo = r0/a) in
which the meniscus of a non-viscous fluid rises as (t2σ/ρ)1/3, where t is time. Menisci
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of viscous liquids along small fibers have been studied experimentally by Queere & di
Meglio[26]. Assuming that at each moment of time the meniscus shape corresponds
to that of a static meniscus and using Tanner's law[28] for the dynamic contact angle,
they showed that the characteristic time associated with the meniscus rise scales as
µr0/σ. This time increases with the fibre radius, but should approach a constant value
of the order of µ/σ, in the limit of large fibres (Bo >> 1). The authors did not visualize
the interface directly but measured the force acting on the fiber immersed into the
liquid. From the force data they extracted a dynamic contact angle as it approached
equilibrium.
In a later work, Clanet presented the experimental observations and
quantification of the dynamics of menisci[29]. Silicone oils (Polydimethylsiloxane)
and hexane of kinematic viscosities ranging between 0.45 and 12,500mm2 s−1 were
used. The solids were either stainless steel rods or thin tungsten wires. The rise of the
meniscus was observed with a high-speed video camera Kodak-HS-4540. The authors
studied experimentally the time evolution of a height of the liquid meniscus moving
along a vertical cylindrical fiber from the moment of its first contact up to the moment
when it reaches a steady state. They defined a characteristic time for the meniscus to
reach a steady state, considering viscous and non-viscous liquids forming menisci on
large rods and small fibres. For non-viscous liquids on a large rod, meniscus height h
increased as (σ/ρ)1/3t2/3. For non-viscous liquids on a small fibre, the scaling for the
meniscus height was obtained as (σr0/ρ)1/4t1/2.
Vega et al.[30] continued the study of capillary rise dynamics with
polydimethylsiloxane meniscus on the PET fiber. To measure simultaneously the
height of the liquid interface and the associated contact angle versus time, optical
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tracking methods were used. Depending on the liquid viscosity, the changes in contact
angle on the meniscus followed either a t-1/2 behaviour in agreement with the
hydrodynamic description or a t-1 behaviour predicted by the molecular-kinetic
theory. These results reveal the existence of many time scales in the capillary rise
phenomenon associated with the external meniscus.

1.3 Uptake of liquids by capillaries. Factors affecting the wicking
rate.
Absorption of liquids by capillaries has interested scientists for centuries. It is
generally accepted that there are two regimes of liquid absorption: a linear Bosanquet
regime defining initial uptake velocity as UBosanquet=(2σ cosθ/ρR)1/2 ,
L = UBosanquet t, where L is the meniscus position;
and the square-root-of-time kinetics also known as the Lucas-Washburn (L-W)
regime,
L

2kPc



1

t2

(1.2)

where μ is the fluid viscosity, k ~r2 is the permeability in the Darcy’s law, r is
a characteristic pore radius, and  is the material porosity[31-33].
Bosanquet[31] in his calculations accounted for the fluid inertia and
disregarded the fluid flow outside the capillary. While the initial uptake velocity was
found to be constant, its value did not match that of experimental observations[34].
Despite all the work done in the area, there is still no theory which would describe the
initial stages of imbibitions[35].
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Different capillaries and channels were used for an analysis of the absorption
kinetics. In the microgravity experiments, the Hele-Shaw cells were used[36]. Two
types of the liquid uptake kinetics were observed: for the viscous fluid (μ=0.013-0.15
Pas), the recorded dynamics of propagation followed the square-root-of-time rule.
Low viscosity fluids (μ=0.005-0.007 Pas) showed a linear uptake kinetics with
velocity different from that predicted by Bosanquet.
Quere experimented the viscous silicone oil[37]. He found that silicone oil
followed the Lucas-Washburn (L-W) rule immediately after the experiment had
started. When the height of the liquid column approached its maximum value, the
column relaxed exponentially to its equivalent height. The characteristic relaxation
time was estimated as τη=16σμcosθ(ρ2g2R3). The almost inviscid fluids, such as
ethanol and ether, have shown linear kinetics of uptake. In the conditions of the
inviscid fluids approximation, Quere observed power descending oscillations of the
liquid column near the equilibrium position, instead of the exponential relaxation, h 
1/t.
In their article, Kornev and Neimark[35] also commented on the effect of
initial contact of liquid with the capillary edge. When the distance between two
surfaces decreases down to sub-micrometer range, the van der Waals forces become
important. The authors predicted liquid bridge formation and pointed at a possible
scenario of the meniscus acceleration caused by this effect.
Kornev and Neimark have proposed a generalized equation of uptake of
inviscid fluids by a capillary of internal radius R:

d
dh 
dh 2
2 cos 
 gh
  h  cR 
 - ( ) 
dt 
dt 
dt
R
8

(1.3)

Where h is a meniscus position, c is a constant of the order of one (c= 7/6 in the
original paper[38]), χ= 0 for upward motion, and c = 0, 0 < χ<1 for downward motion.
This equation allows one to consider a variety of regimes of spontaneous
liquid penetration characterized by different initial velocities. The equation describes
initial stages of the uptake, where the viscosity effects are not significant yet. The
authors state that the initial conditions of liquid penetration are affected by the outside
hydrodynamic effects and the solid–liquid adhesion interactions.
A variety of factors can influence the liquids uptake. Willmott et al.[39]
looked at the effect of the size of water droplets taken by non-wetting capillaries.
They

have

found

that

the

hydrophobised

glass

and

non-wetting

polytetrafluoroethylene (PTFE) capillaries are able to absorb the water droplets if the
droplet radius falls below a critical value. The capillary inner surface was prepared to
be superhydrophobic (θ>900). An important result worth highlighting is the finding
that the rate of capillary uptake depends strongly on the droplet size, with smaller
droplets penetrating the tube more quickly, while large droplets may not be absorbed
at all. In the later case, the curvature of the surfaces was insufficient to overcome the
surface forces between the water and non-wetting capillaries. The droplet size was
also shown to influence the direction of meniscus motion in a pre-filled non-wetting
capillary as well as uptake kinetics. If a pre-filled superhydrophobic capillary was
brought in contact with the small drop, a raise of the meniscus was noted, while if the
large droplet was touched, the liquid was withdrawn and the meniscus lowered.
Effect of gravity is another factor that could potentially affect the capillary
uptake. Wilinski and de Ramos have studied gravity effect on the liquids uptake by Vshaped capillary corners[40].
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Stone’s group[41] studied the effect of viscous resistance of remaining gas
phase on the uptake kinetics. The influence of gas viscosity is expected to take effect
when h/R<<Λ, where: Λ =μgL/μlR and L denotes tube length, R is tube radius, μg is
the gas viscosity, μl is the liquid viscosity. The experiments were performed in long
capillaries with Λ>>1. The experiments were performed with glass capillaries of
length l=0.15m to 1.3m and silicone oils completely wetting the surface of glass.
Assuming a laminar Poiseuille flow, the viscous retarding force due to the
liquid, the instantaneous momentum of the liquid, the viscous retarding force due to
the gas and the instantaneous momentum of the gas, the authors used equation:

2 cos  8( l h   g ( L  h) dh d
dh

 [( l h   g ( L  h) ]
2
R
R
dt dt
dt

(1.4)

where ρl and ρg are the densities of liquid and gas, respectively.
For a sufficiently long tube, at initial moments, the flow was found to be resisted
primarily by the inertia of the liquid; at intermediate times it is resisted by gas and at
late times by viscous resistance of the liquid column.
Rye[42] was the first to study absorption of liquids into V-shaped capillaries
in detail. Studies were done with a series of alcohols with various surface tension to
viscosity ratios, σ/μ, spreading over the open V-shaped grooves. The position of a
three-phase contact line, z, with time always followed the formula z2 = K(α,θ) [σh0/μ]t
where α is related to the groove angle β (α = 90 − β/2), θ is the contact angle, and h0
is the groove depth. To fit the experimental data, two theoretical models, assuming
Poiseuille flow and static advancing contact angles were developed and tested against
the experimental data. Both models seemed to fit the data well, so the choice between
two models was not clear. Both models predicted square-root-of-time kinetics for the
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advance of the liquid front in the groove. Similar results with various alcohols were
later obtained[43], and further confirmed by Rye and the team in different
experiments[44]. The aforementioned authors specifically noted that initial stages of
the uptake were not studied. Sekulic[45] pointed out that initial stages of the kinetics
were following linear dependency of time, with later stages being fit with t^0.5 rule.
Spreading of liquid metals over flat smooth and/or rough surfaces and through the
microgrooves was found to depend on surface topography and combination of inertia,
surface tension, viscosity, and gravity[45].

1.4 Conclusions
Despite the applicability to variety of areas and need for understanding of the
liquids wicking into porous materials, only limited amount of work have been done to
define and describe effect of the parameters influencing uptake of liquids by porous
materials. Currently, there are two major models that describe the uptake of the
liquids into the hollow capillary: linear Bosanquet model for initial stages and squareroot-of-time Lucas-Washburn model for later stages of adsorption. While the later
stages of absorption are well fit by the theoretical model, initial stages of absorption
are still not well understood and the measured rate of absorption significantly deviates
from the theoretically predicted value. This trend (Bosanquet velocity being higher
than measured) is observed for hollow round tubes or more complex channels, such as
V-like channels and for variety of liquids, including water, alcohols, or metal melts.
Depending on the surface-liquid interactions, the droplets attain either barrellike or clam-shell-like configurations. Only a few references report on modeling the
behaviour of drops on the fiber and even less provide the path to extract contact angle
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of the liquid from the droplet shape. The wetting properties of fibers are not well
understood.
For the uptake, the rate of the liquid uptake into pores approaches 10m/s, and
for thin porous membranes or sheets, the linear stages of uptake may end-up being the
only kinetics needed for the liquid to penetrate through the material. This points the
importance of understanding of this regime and its controlling parameters.

1.5 Motivation
The liquid invasion into a porous media, such as a yarn, may be caused by
external forces or by capillary forces. For the latter phenomena it is very important to
understand the wetting properties of the materials and associated kinetics of
spontaneous liquid uptake into the material. In applications to thin porous fibers or
yarns the time scale of hundreds of milliseconds becomes very important. In many
cases the droplets are small and gravity force does not play a significant role. For a
liquid to move in fibrous medium it must wet the surface before being transported
through the pores by capillary forces. The driving capillary force depends on the
materials and liquids properties. The formation of a liquid meniscus and contact angle
are not well understood.
The contact angle is a parameter often used to characterise the wettabillity of a
material and to predict the capillary force. Currently, the analysis of fiber wettability
is limited by two methods – drop-on-fiber method[46] and fiber dipping-withdrawing
method[47]. Therefore, it is desirable to develop a technique enabling direct
visualization and analyses of contact angles in a broad band. In this research we
approach the complex problem of wetting and wicking by performing model studies
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on the simple systems. As a model system we use a single capillary and focus on the
initial stages of spontaneous liquid uptake. A capillary rise technique was developed
for fibers.
To better predict wicking of the fibers by liquids we approached contact angle
determination by use of the rise of external liquid meniscus on the fiber.
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2

FUNDAMENTALS OF WETTING AND

CAPILLARITY AS RELATED TO FIBROUS
MATERIALS

2.1 Introduction
When designing porous materials for liquid adsorption applications, one
always seeks a balance between the material wettability, absorbency, and structural
integrity. The latter includes the size of the transport pores, the number of layers and
their arrangement, as well as the material thickness [1-3].
In this chapter, we introduce and analyze a capillary model of porous
materials. This model is used to study the effect of the physico-chemical parameters
of liquids and solids on the rate of liquid uptake by capillaries. Scaling arguments are
used to classify possible scenarios of the liquid uptake. The proposed approaches are
aimed at the elucidation of the effect of materials parameters on uptake kinetics. We
investigate the effect of liquid composition in terms of viscosity and surface tension,
and the effect of solid-liquid interactions in terms of contact angle and friction
coefficient.

2.2 Preliminaries
2.2.1 Interfaces and surface tension
A boundary separating two immiscible fluids can be modelled as a membrane.
According to the Laplace[4] and Young[5] studies, this membrane is always under
tension, and the tension is a constant and does not depend on the applied force. The
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membrane tension, or surface tension σ, is a physico-chemical characteristic of the
interface separating two dissimilar phases such as two immiscible fluids, or solid and
fluid.

2.2.2 Wetting. Types of wetting
A water droplet placed on a clean silicon wafer spreads completely. The same
drop placed on a plastic Petri dish does not spread and remains as a spherical cap.
This experiment is explained by introducing spreading parameter S, which measures
the difference between the surface tensions of the dry substrate, σsg, and the surface
tension of the wet one, σsl , covered by a layer of the liquid with surface tension σ of
the liquid/gas interface (Figure 2.1).
S   sg   sl  

(2.1)

A free body diagram shown in Figure 2.1 explains the force balance according to Eq.
2.1 when S=0.

Figure 2.1. Schematic of a free body diagram written for a liquid.

From Eq. 2.1 in the case where the spreading parameter is less than zero
(S<0), we have a partial wetting case, and when the spreading parameter is positive
S>0, we observe complete wetting (Figure 2.2).
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Figure 2.2. Types of wetting a) partial wetting; b) complete wetting.

In the case of complete wetting, the liquid completely spreads over the surface
forming a flat film. As a result, a visible contact angle is close to zero. In partial
wetting, the drop does not spread but forms a spherical cap with contact angle θ
(Figure 2.2a). A partial wetting case can be further classified for the contact angles
greater than θ>900: in this case one says that the liquid poorly wets the substrate.
2.2.3 Contact angle.
The contact angle is defined as an angle formed by a tangent line to the interface and
a solid substrate as shown in Figure 2.3. Projecting the forces acting at the contact
line onto the solid plane, one obtains the Young equation[5]:

 sg   sl   cos

(2.2)

Figure 2.3. Definition of the contact angle through the force diagram.

2.2.4 External and internal menisci.
As follows from hydrostatics, a free liquid surface of a heavy liquid is always
horizontal. However, when a wire is dipped into a liquid, the liquid rises inducing a
distortion on the free surface. The region next to the wire where the liquid surface is
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curved as shown in Figure 2.4b (contact angle is less than 90º for wetting liquids), is
called the meniscus. As shown in Figure 2.4a, inside a capillary, the free liquid
surface forms a curved meniscus as well.

Figure 2.4. Inner and outer menisci: a) hexadecane meniscus formed inside the
R=250μm capillary; b) water meniscus formed on the 127μm tungsten wire.

Depending on the liquid and substrate, this meniscus points either upward
(good wetting) or downward (poor wetting), Figure 2.5.

a)

b)

Figure 2.5. Meniscus pointing a) upward in the case of good wetting, b) downward in
the case of poor wetting. The height/depth of the meniscus is denoted by h, the thick
black vertical line represents a wall of capillary tube or wire.

2.3 Laplace law of capillarity and Jurin`s length
The liquid uptake by porous materials has amazed scientists since ancient
years. In the eighteenth century, the ability of porous materials to absorb liquids was
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first quantitatively studied by Jurin, who found that the maximum height that the
liquid column can reach in a capillary is inversely proportional to the capillary
diameter[6]. This law and other experimental facts ignited interest of Young and
Laplace, who challenged to find a theoretical explanation of these facts[4, 5]. Laplace
predicted that the pressure Pl in a spherical drop is greater than that of a surrounding
gas Pg and the pressure difference is directly proportional to the surface tension and
inversely proportional to the drop radius r, Pl - Pg = 2/r. Using simple trigonometry
and definitions of symbols given in Figure 2.4a, the same Laplace equation applied to
the internal meniscus formed inside a capillary of radius R can be written as:

Pg  Pl 

2 cos 
R
.

(2.3)

Substituting the hydrostatic pressure in the left hand side of Eq. 2.3, Pg – Pl = ρg Hg,
where ρ is the fluid density, g is the acceleration due to gravity, and Hg is the height
of the meniscus, one can explain the Jurin law. In a capillary, the height of the liquid
column is stabilized by gravity and the Jurin height is expressed as[6]
Hg 

2 cos
 gR

.

(2.4)

This is the maximum height which the liquid column can reach. Modeling a porous
material as a bundle of capillaries, one can conclude that the maximum height of the
wet part of the material is inversely proportional to the pore radius and directly
proportional to the cosine of the contact angle. The smaller the pore size in the
material, the stronger the capillary action and the taller the wet column. To decrease
the height of the liquid column, one can decrease the contact angle not altering the
pore size.
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2.3.1 Dynamics of capillary rise
While the equilibrium properties of liquids in capillaries have been discussed
since the eighteenth century, the dynamics of liquid uptake and the mechanisms of
meniscus formation are still poorly understood[7]. Two major experimental setups
have been employed to study liquid uptake by capillaries: stroboscopic photography
with time intervals 1/10 and 1/20 s [8] and a high-speed filming at the rate of 2002000 images per second[9-11]. A variety of conduits of different sizes were studied,
including cylindrical capillaries, unduloidal, cone-like, and sinusoidal channels[8].
2.3.2 Slow kinetics
Studying the dynamics of liquid uptake (water, alcohol and benzene) by a
single capillary, Bell & Cameron (1906)[12], found that the position of the wetting
front, h, changes in time according to the square root of time kinetics, h ∝ t1/2. The
proportionality constant was found dependent on the pore size of the medium and the
properties of the liquid.
For the case of a tube with a circular cross-section, Lucas (1918)[13] and
Washburn (1921)[14] explained the square root of time kinetics by balancing the
wetting force with the gravitation force and Poiseuille resistance. Lucas and
Washburn derived the following equation that governs the motion of the liquid
column in a vertical cylindrical capillary
8
dh
2 cos
h

– gh
2
R
dt
R
,

(2.5)

where h(t) is the column height at the time moment t and μ is the fluid viscosity.
When the inequality h ≪ 2σ cosθ/(ρgR) holds true and gravity term can be neglected,
the solution to Eq. 2.5 scales as h∼ √t. The Lucas-Washburn (L-W) square root of
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time kinetics has been confirmed experimentally on many materials[15, 16]. Even in
nanometer pores, this regime has been observed[17-19] and confirmed by molecular
dynamic simulations[20]. This L-W law is well suited for description of the late stage
of uptake by long capillaries and packed beds[16]. However, it fails to describe the
initial stages of liquids uptake, leading to the infinite value of the velocity, which
contradicts numerous observations[10, 11, 21, 22]. Failure of the L-W law to explain
the initial stages of liquid uptake is attributed to its neglect of the inertial effects,
which appear important at the beginning of the process[15].
2.3.3 Fast kinetics
Bosanquet, while considering the capillary rise dynamics, has relaxed the
assumption of the Lucas-Washburn theory and included inertia as[23]:
d hdh
8 hdh 2 cos 
(
)

– gh
dt dt
 R 2 dt
R

(2.6)

In his derivations, Bonsaquet ignored the effects of external flow. At the initial
stages, the inertial and capillary forces dominate the other forces, and Eq. 2.6 is
simplified as:
d  dh  2 cos 
d 2 h  dh 
2 cos 
, or h 2    
h

dt  dt 
R
dt
R
 dt 
2

(2.7)

It is interesting to note that Eq. 2.7 has a simple solution: h=UBosanquet t, where the
Bosanquet velocity is introduced as[23]:
U Bosanquet 

Hg g 

2 cos 
R

(2.8)

Where Hg is the Jurine height from Eq. 2.4.
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As seen from Eq. 2.8, the Bonsaquet velocity is independent of the liquid
viscosity. From experimental data, the initial uptake velocity was found to be
constant, but different from the value predicted by Bonsaquet[10, 24].
Attempting to improve the Bosanquet solution, Szekely, Neumann and
Chuang have taken into account the effect of external flow. They introduced an
apparent mass caused by the flow outside the capillary. The Szekely–Neumann–
Chuang equation, (SNC) is written as[25]:

 8  dh
d
dh 
2 cos 
h

 gh
  h  cR 
  
2 
dt 
dt 
R
  R  dt

(2.9)

Where, parameter c is a constant of the order of one (c=6/7 in the original
publication). The initial velocity and meniscus position in this model were set zero
(dh/dt = 0, h = 0, t = 0). One can see that the initial acceleration is finite and it is
given by d2h/dt2=2σcosθ/cρR2 at t=0. Thus the meniscus is pushed by the wetting
force into capillary and only inertia resists its motion at the initial instants of time.
The experimental studies of the liquid uptake show that within the
experimental error the initial velocity of liquid uptake is finite[8, 10, 11]. However,
the measured velocity was found lower than that of the Bosanquet prediction. These
results contradict the results of the SNC model. It appeared that the initial velocity
depends on the physico- chemical properties of liquids[24].
Neither one of the existing theories were able to explain the observed
velocities of liquid uptake. Therefore, the lack of the predictive ability of the existing
theories to describe the uptake kinetics of liquids calls for a rigorous study of all
physical factors influencing the uptake kinetics. This study will help to design the
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materials for probes and absorption products. In this chapter, we review the basic
equation of capillary rise and critically analyze it analytically and numerically.

2.4 Derivation of the basic equation
When a vertically placed capillary is brought in contact with a wetting liquid,
the liquid wets the capillary wall and penetrates inside. A free body diagram for a
liquid column shown in red is depictured in Figure 2.6.

Figure 2.6. Schematic of the forces acting on the liquid column.

In Figure 2.6,

is the inertial force,

force acting on the contact line,
the liquid column,

,

is the wetting force,

is the friction

is the friction force acting on the side surface of

are the interfacial forces acting at the solid-liquid and

liquid-gas interfaces, respectively,

is the weight of the liquid column, Pg and Pl
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are the outside pressures acting on the top and bottom boundaries of the liquid
column, h is the height of the liquid column, σsg is the solid-gas interfacial tension and
σsl is the solid-liquid interfacial tension, R is capillary radius and θ is the equilibrium
contact angle that the meniscus makes with the capillary wall.

Table 2-1. Description of the forces acting on the liquid column in a hollow tube.
Force symbol

Description
inertial force
wetting force
friction force acting on the contact line
friction force acting on the side surface of the liquid column
interfacial force acting at the solid-liquid interface
interfacial forces acting at the liquid-gas interface
weight of the liquid column

2.4.1 Inertia force
The inertial force can be written from Newton’s law as:

Fi 

d (mv)
.
dt

(2.10)

Where, m is the mass of the liquid column and v is its velocity associated with the
meniscus speed.
The mass of the liquid column is defined through the liquid density ρ,
meniscus position h=h(t) and capillary radius, R:

m(t )   R2 h(t ) ,

(2.11)
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and velocity is defined as:

v

dh
.
dt

(2.12)

Combining Eq. 2.11 and 2.12, one can rewrite the inertial force as:

Fi 

d
dh
(  R 2 h )
dt
dt .

(2.13)

This inertial force can be corrected by taking into account an apparent mass of
the liquid outside the capillary[26]. This SNC correction gives:

Fi 

d
dh
(  R 2 (h  cR) )
dt
dt .

(2.14)

Where, c is the apparent mass coefficient.
2.4.2 Wetting force
Summing up the interfacial forces, we obtain wetting force, Fw as:
Fsg  Fsl  Fw  2 R sg  2 R sl  2 R( sg   sl )

.

(2.15)

Employing the Young equation, we can express the wetting force as:
Fw  2 R( sg   sl )  2 R cos

(2.16)

.

2.4.3 Viscous friction force
To introduce the effect of viscous friction, we consider Figure 2.7 and remind the
theory of fluid flow in a capillary tube.
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2R
Figure 2.7. Schematic of the velocity distribution in the liquid column moving
through capillary tube.

The basic equation for a laminar flow in a cylindrical tube is[27]:

G

1 d dv
r
r dr dr ,

(2.17)

Where, G is a pressure gradient and  is the liquid velocity.
Equation 2.17 can be rewritten as:
r

G





d dv
r
dr dr .

(2.18)

Integration of Eq. 2.18 yields

r 2G
dv
rG dv
r 

2
dr
2 dr .

(2.19)

In order to obtain the velocity at any radius r , we integrate Eq. 2.19 between r = R
where, v = 0 and r = r where v = v(r)
v

 dv 
0

r

G
rdr
2 R

(2.20)
.

Hence,
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v(

r 2 R2 G
G
 )  (r 2  R 2 )
4 4 
4

(2.21)

The volumetric flow rate is:
2
2 G
2 G r 4
2 G R 2
 GR 4
2
2
2 r
R
(
r

R
)
rdr

(

R
)




0
4 0
4 4
2
4 4
8

R

R

Q  2  rvdr 
0

(2.22)
Solving Eq. 2.22 for G, one obtains:

G 

8 Q
 R4

(2.23)

The friction force is defined as:

F  2 R h

(2.24)

Where, τ is the viscous stress acting at the tube wall:

 

dv
GR

dr r  R
2

(2.25)

Substituting Eq. 2.25 for τ, the viscous friction force is:

F  2 Rh

GR
  R 2 hG
2

(2.26)

Substituting Eq. 2.23 for G, the viscous friction force is defined through the flow rate
as:

F  

8hQ
R2 ,

(2.27)

where Q is the volumetric flow rate. On the other hand:

Q   R2

dh
dt

(2.28)

Substituting Eq. 2.28 for Q into Eq.2.27, we get the following definition of the
friction force
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F  8 h

dh
dt

(2.29)

2.4.4 Air resistance force
The gas pressure Pg acting on the meniscus is written from Eq. 2.23:

Pg  Pa 

8a ( Lc  h)Qa
,
 R4

where, Lc is the capillary length,

(2.30)
is viscosity of the air displaced by the liquid and

Pa is the atmospheric pressure at the exit of the capillary tube. Again, rewriting Eq.
2.28 accordingly, we have
Qa   R 2

d ( Lc  h)
dt
.

(2.31)

Therefore, the force associated with this pressure is:

Fl  8a ( Lc  h)

dh
dt .

(2.32)

2.4.5 Friction force on the meniscus
For the sake of generality, one needs to take into account a friction force
acting at the meniscus[28].
This is a specific force which is caused by the friction of a precursor film over the
capillary wall. In the simplest case, the friction force acting at the contact line is
modelled as a friction force on a piston moving in the tube[29]:

F  2 R 
Where,

dh
dt

(2.33)

is a numerical coefficient, which depends on the liquid/solid pair.

2.4.6 The weight of the liquid column
The weight of the liquid column is given by equation
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Fm  mg   R 2 hg

(2.34)

Summing up all forces,  Fi  F  Fl  F  Fm  Fw  0 , we have:

d
dh
dh
dh
dh
(  R 2 (h  cR) )  2 R  8 h  8a ( Lc  h)   g R 2 h  2 R cos   0
dt
dt
dt
dt
dt
(2.35)
We also assume that the liquid column has zero height and velocity at the initial
moment t  0 : h(0)  0 ,

dh
|t 0  0 .
dt

2.5 Inspection analysis and fundamental equation of liquid uptake
by short capillaries
2.5.1 Effect of apparent mass
Consider the very first moments of time when the inertial resistance due to the
apparent mass is comparable with the wetting force:

 c R3

d 2h
 2 R cos 
dt 2
.

(2.36)

It follows from this equation that for a meniscus travelling two capillary radii,
h~2R, the effect of apparent mass is important only during the time:

 cR3
t
 cos 

.

(2.37)

In Figure 2.8 we plot the time defined by Eq. 2.37 for water, TBP, and
hexadecane as a function of capillary radius. In calculations we set cosθ = 1 and c = 1.
As follows from the graphs, this time is measured in milliseconds for the millimeter
wide tubes.
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Figure 2.8. Characteristic time where the apparent mass has an effect on the liquid
uptake for different liquids as a function of capillary radius.

For hexadecane and TBP, for example, the effect is important for less than 1%
of the time of interest. Therefore, for thinner capillaries the effect of apparent mass
will contribute even at a shorter time interval and hence it is hardly detectable by any
available instruments. In practical application to design absorption products, this time
interval is not important and it will not be considered here.
2.5.2 Effect of air resistance
In the recent publication[30], the authors discussed the effect of air resistance
on the rate of meniscus propagation through long tubes. We also examined this effect
neglecting the weight, Fm=0. In Figure 2.9, we show the results of numerical analysis
of Eq. (2.35) with the initial condition h=10-6 m, dh/dt=0 at t=0. Three capillaries
with the internal radii of 100μm, 250μm and 500μm were used in numeric
experiments. Parameters χ and θ for hexadecane and TBP can be found in Table 6.2.
The solid lines in Figures 2.9 a, b represent the numerical solution taking into
account the air resistance, and the dashed lines show the numerical solution without
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the air resistance when the fourth term in Eq. 2.35 has been dropped. In both cases we
assumed c=0.

a)
b)
Figure 2.9. Numerical solutions of Eq. 2.35 for a) hexadecane and b) TBP moving in
a capillary tube of length 100mm.

The solid lines h(air) correspond to the solution of full equation without gravity term,
the dashed lines show the solutions h(no air) of truncated Eq. 2.35 when the gravity and
air resistance have been dropped.

a)
b)
Figure 2.10. The ratio hrel = hno air/hair of meniscus heights a) corresponding to the
dashed and solid lines in Fig. 2.9a. b) The ratio hrel = hno air/hair of meniscus heights
corresponding to the dashed and solid lines in Fig.2.9a taken at t=0.001s and t=0.025s
as a function of capillary diameter.
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As shown in Figures 2.10 a, b the effect of air resistance decreases as the
capillary diameter increases. In capillary tubes with the radius greater than 150μm, we
do not observe any significant effect of the air resistance. If one drops the fourth term
in Eq. 2.35, the deviations of the meniscus position is less than 10% and the
deviations decrease to less than 6% in the 600μm capillary. For small capillaries with
radius less than 100μm, the effect of air resistance can reach 25% (Figure 2.10b).
It should also be noted, that the effect of air resistance is more prominent at
the very first moments of liquid uptake and it contributes less than 10% to the
meniscus height after 0.1 seconds.
We should also take into consideration, that air resistance is a cumulative term
and depends also on the length of the capillary.
The effect of the capillary length on the uptake kinetics can be described by
the ratio hrel = h(no air) /h(air) between numerical solutions of Eq.2.35 with and without
the air resistance term, i.e. the fourth term in Eq.2.35. The results are shown in
Figure 2.11. The solid lines correspond to the R=0.15 mm capillary radius and the
dashed lines correspond to the R=0.35mm capillary radius.

Figure 2.11. The effect of capillary length on the uptake kinetics described by ratio
hrel = hno air/hair between numerical solutions of Eq.2.35 with and without the air
resistance term.
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The effect of air resistance significantly depends on the length of capillary, Lc.
Figure 2.11 shows the behaviour of the ratio hrel as a function of time for two
different capillaries of 150μm and 350μm radii when length Lc increases. Three
different capillaries, Lc = 0.1m, Lc = 1m and Lc = 10m were used in numeric
experiments. It follows that the effect of air resistance increases nonlinearly with the
capillary length Lc
It should be noted, that in our experimental setup we use 0.1m capillaries
where the effect of air resistance can be safely ignored. This can be seen from the
scaling arguments. Consider the ratio of the fourth to the third term in Eq. 2.35,
8a ( Lc  h) a ( Lc  h)

8 h
h
.

(2.38)

When the length of the liquid column is small, h →0, the denominator tends to zero,
i.e. the ratio tends to infinity. In other words, the Poiseuille resistance of the liquid
column is much greater than that of the air. Therefore, studying the liquid uptake in
capillaries with the radii in the range between 0.15mm and 0.75 millimetres and
length 0.1m, we can safely omit the fourth term in Eq. 2.35.
These

arguments

lead

to

the

following

simplified

equation:

2

d 2h
dh
dh
 dh 
 R h 2   R 2    2 R  8 h   g R 2 h  2 R cos  0
dt
dt
dt
 dt 
2

Which can be rewritten in the following form
R h d 2 h
R
dh
 dh
4 h dh
R  gh

( )2 


1  0
2
2 cos  dt
2 cos  dt
 cos  dt R cos  dt 2 cos 

(2.39)
We will call this equation the fundamental equation of spontaneous liquid uptake by a
short capillary. We call the capillary short when the Jurin height (Eq.2.4) is not too
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large. The air resistance can be ignored in all these cases. This fundamental equation
will be used in this work for description of our experiments.
2.5.3 Effect of inertia
As follows from fundamental Equation 2.39 of spontaneous liquid uptake, the
inertial force consists of two terms:

R
dh
R h d 2h
( )2  a . In a
 a0 and
2
2 cos  dt
2 cos  dt

short capillary when gravity is not important, g≡0, the first term (a0) does not play
significant role in liquid uptake. The kinetic curve with the a0-term overlaps the
kinetic curve without it. Therefore, a0-term can be dropped from the fundamental Eq.
2.39, provided that all the assumed conditions are fulfilled.
R=0.05mm
R=0.25mm
R=0.75mm

a0
Without a0

Figure 2.12. Numerical solution of equation
R h
R h d 2 h
R
dh
4 h dh

( )2 
 1  0 , where a0=
, for
2
2 cos 
2 cos  dt
2 cos  dt
R cos  dt
different capillary sizes.

Figure 2.12 represents numerical solution of Eq.2.39 with g≡0. The solid
lines represent the solution when two terms of inertial force were remained. The
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dashed lines shows the solutions when ao≡0 and only a=

R
dh
( )2 was
2 cos  dt

remained in the inertial force. Hexadecane was chosen for these calculations.
Taking into account this numerical analysis, Eq. 2.39 can be further simplified as:
R
dh
 dh
4 h dh
R  gh
( )2 


1  0
2 cos  dt
 cos  dt R cos  dt 2 cos 
.

(2.40)

We will apply this equation for short capillaries with radii less than 0.75mm. Eq. 2.40
will be used in this work to describe the experimental results.
2.5.4 Effects

of

material

parameters

on

uptake

kinetics.

Numerical

experiments.
For hexadecane, the numerical solutions of Eq.2.40 for capillaries with
different radii are depicted in Figure 2.13. In calculations, we set χ=70 and θ=30o (see
experiments in Chapter 6). The Jurin height is the maximum height of the liquid
column (Eq. 2.4), and the numerical solution asymptotically approaches this height as
time increases.

Figure 2.13. Numerical solution of Eq.2.40 for hexadecane uptake in capillaries with
different radii.
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As the capillary radius increases, the time needed to reach the maximum height
decreases.
Effect of fluid viscosity. The effect of liquid properties on the uptake kinetics is
shown in Figures 2.14 and 2.15. Here we compare the flow of low and high viscosity
fluids, varying the viscosity from μ=0.001 Pa s to μ = 0.1 Pas. In these calculations,
only viscosity was changed. The rest of the parameters were kept constant and equal
to those of hexadecane.

a)
b)
Figure 2.14. Numerical solution of Eq.2.40 for liquid uptake by the 250μm capillary.
a) Kinetics of propagation of the wetting front up to Jurin`s height; b) initial stage of
uptake of liquids with different viscosities.

Viscosity is one of the critical factors influencing the uptake kinetics. Low
viscosity fluids such as water, μ=0.001 Pa s, penetrate capillaries very fast: in
fractions of a second the meniscus can fill the 1.5 cm long capillary of the 250μm
radius (Figure 2.14, b). More viscous fluids such as silicon oil, μ=0.1 Pa s, move
much slower; it takes about ten seconds to fill the 1 cm long capillary of the 250μm
radius (Figure 2.14, a).
Effect of contact angle. Contact angle is another important parameter which
dramatically changes the uptake kinetics. In Figure 2.15, we show the results of
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numerical experiments for hexadecane assuming that it moves through capillaries of
the same 250μm radius but with different coatings forming different contact angles
with hexadecane. We varied the contact angles from 00 up to 800 with 100 increments.
The results show that the uptake kinetics changes drastically as the angle increases.
After about 0.15 seconds, the height of the liquid column changes from h ~ 8 mm in
the completely wettable capillary to h ~ 2 mm in the capillary showing 800 angle.
This fourfold decrease on the height of liquid column can have the far reaching
consequences in practical applications.
To conclude, we state that the contact angle has significant influence on the
uptake kinetics. When designing absorption products, one has to consider uptake
kinetics as one of the main engineering parameters.

a)
b)
Figure 2.15. Numerical solution of Eq.2.40 for hexadecane uptake by the 250μm
capillaries with different surface energies (contact angles). Physico-chemical
parameters of hexadecane are taken from Table 4.1; a) kinetics of propagation of the
wetting front up to Jurin`s height; b) initial stages of hexadecane movement.

Gravity effect. In short capillaries, the weight of the liquid column is much smaller
than the wetting force, R gh / 2 cos

1 . Hence, this term can be neglected as

well[31]. In Figure 2.16, we show the numerical solutions of Eq.2.40 with (the
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dashed line) and without (the solid line) gravity. We used hexadecane as an example
(see Table 4.1 for the properties). The contact angle was assumed to be θ=300 .

Figure 2.16. Effect of gravity. Numerical solution of Eq.2.40 for hexadecane moving
through different capillaries

As follows from Figure 2.16, the gravity term starts to play a role only when
the liquid column reaches about 14% of Jurin`s height. This conclusion was drawn
based on the results of numerical analysis of five different capillaries ranging in radii
from 100μm up to 400μm.
Since our experimental work is focused on the initial stages of liquid uptake,
the gravity can be safely neglected. Hence, the final equation of spontaneous liquid
uptake by a short capillary is defined as:
R
dh
 dh
4 h dh
( )2 

1  0
2 cos  dt
 cos  dt R cos  dt

(2.41)

2.6 Scaling arguments. Dynamic phase diagram for the liquid
uptake by capillaries.
Equation 2.41 is a complex nonlinear differential equation which requires a
numerical investigation of all possible regimes of liquid uptake. It is therefore
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attractive to employ scaling analysis for the assessment of the importance of different
terms of this equation. In this section, using scaling arguments, we sketch a dynamic
“phase diagram” for the process of liquid uptake by capillaries. As “phases”, we will
consider simple kinetic regimes of liquid uptake such as the Bosanquet or LucasWashburn regimes. Therefore, the complex uptake dynamics will be described by the
simplified kinetic equations, but the range of physico-chemical parameters where
these equations hold, will be limited by specific boundaries.
Since a bundle of capillaries can model a specific fibrous material, one can
interpret this diagram as a dynamic phase diagram for fibrous materials. The purpose
of this diagram is to classify different regimes of liquid uptake in terms of the fabric
thickness and capillary radius R. We will use meniscus position, h, as a characteristic
thickness of the fabric. For example, if we know that in the given capillary of radius R
the Bosanquet regime h ~ UBosanquet t is observed only for time T, we can say that the
material of thickness H = UBosanquet T will absorb liquid following the Bosanquet
kinetics. The problem of classification of the fabric thickness is therefore reduced to
the specification of the boundaries separating different kinetic regimes.
We begin with the case when the height of liquid column tends to zero

.

In this limit, all terms in Eq. 2.41 that are proportional to h can be dropped.
Moreover, assuming that the meniscus moves at constant velocity, we obtain:

R
dh
 dh
( )2 
( ) 1  0
2 cos  dt
 cos dt

(2.42)

The solution of this quadratic equation with respect to the meniscus velocity dh / dt
gives:
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dh
b
b
4a
 
1 2
dt
2 a 2a
b
Where, a 

(2.43)

R

.
and b 
2 cos 
 cos 

a)

b)

dh 2
dh
)  b( )  1  0 , based on the scaling
dt
dt
arguments for a) 150μm radius capillary (the green and red lines almost merge); b)
R

.
1000μm radius capillary. a 
and b 
2 cos
 cos 
Figure 2.17. Analysis of equation a(

The green line in Figure 2.17a describes the solution that takes into account all three
terms of Eq. 2.41. This solution overlaps with the solution of truncated Eq.2.41 where
the first term has been dropped, the red line. This example suggests that for small
capillaries, the inertia should not affect the liquid uptake. In order to confirm this
conclusion, we performed an asymptotic analysis of Eq. 2.43.
Equation 2.43 has two asymptotic solutions. The first solution corresponds to
the case when the inequality (4a / b2 )

1 holds true. This is the famous Bosanquet

solution[23]:
UB 

dh
1


dt
a

2 cos 
R

(2.44)
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In another limiting case as (4a / b2 )  0 , we have:

U x 

dh 1  cos 
 
dt b


(2.45)

The dimensionless complex
4a 2 cos  R 
,

b2
 2 2

(2.46)

governs the transition from the flow regime given by Eq. 2.45 to the flow regime
given by Eq. 2.44. Rewriting the criterion of applicability of Eq. 2.45, (4a / b2 )  1 ,
as

 cos  R 
 2 2

1,

(2.47)
we see that velocity U x is expected to show up only in capillaries with the radius

R

RB 

 2 2
.
 cos 

(2.48)

In other words, the first term in Eq. 2.41 is negligibly smaller than two other
terms, if the capillary radius satisfies Eq. 2.48. In this case, the wetting force is
counter balanced by the contact line friction.
For the opposite case, when the capillary radius is greater than RB, one expects
to observe the meniscus moving with the Bosanquet velocity as h→0
It is convenient to classify the flow regimes using the h-R phase diagram. The
vertical line R=RB divides the phase diagram onto two regions: the right semiplane
R>RB corresponds to the flow regime when inertia is important; the left band 0<R<RB
corresponds to the flow regime where inertia is not important (Figure 2.19).
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For finite h, the region R>RB can be further subdivided into the region of
inertia-dominated resistance and into the region of viscosity - dominated resistance.
The boundary separating these two regimes of flow can be found by balancing the
Poiseuille friction force with inertia:

R

U B2 
hU B or
 cos 
R cos 
R
 cos 

2 cos 


h or
R
R cos 

3

hi 

R2



 cos 
(2.49)

Above the line h=hi(R), one expects to observe a viscosity limited kinetics of fluid
absorption, while below this line one can observe an inertia limited kinetics of fluid
absorption.
Consider the left band, R<RB. Assuming that inertia plays no role in this
region even for finite h, one can distinguish two cases. In the first case, the contact
line friction counterbalances the wetting force. In the second case, the Poiseuille
friction balances the wetting force. The boundary between these flow regimes is
obtained by assuming that the transition from one regime to another occurs when the
following equality holds:

 dh
( )
 cos  dt


dh
(h )
R cos  dt

(2.50)

Solving Eq. (2.50) for h, we have:
h  R

(2.51)
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Thus, above this line, h>Rχ, one expects to observe the absorption kinetics controlled
by the Poiseuille friction, i.e. the L-W kinetics. Below this line, we should see the
kinetics that is controlled by the contact line friction. A straightforward calculation
confirms that both lines hχ and hi cross the boundary R=RB at the same point.

hB  hiB  RB  

 3 2
 cos 

(2.52)

The numerical analysis of the Eq. 2.53

 dh
4 h dh

1  0
 cos  dt R cos  dt

(2.53)

is shown in Figure 2.18
The green line represents the solution of equation
line represents the solution of equation

4 h dh
 1  0 , the blue
R cos  dt



dh
 1  0 and the red line represents the
 cos  dt

solution of full Eq. 2.53. In our calculations we used hexadecane parameters from
Table 4.1 and set θ=30 , and χ=70. We observed the same behaviour for two other
liquids, TBP and silicon oil.
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dh
dh
 c  1  0 , based on the
dt
dt
scaling arguments for hexadecane moving through the 150μm radius capillary, where

4 h
b=
and c =
.
 cos 
R cos 
Figure 2.18. Example of the analysis of Equation b

A dynamic phase diagram based on the scaling arguments is shown in Figure 2.19.
This diagram can be used as a guide for the design of porous absorbing
materials. The radius should be interpreted as a pore radius and the height should be
interpreted as a fabric thickness. A materials scientist can choose the materials
thickness and pore radius based on this diagram.

Figure 2.19. A dynamic phase diagram based on the scaling arguments.
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2.7 Dynamic phase diagram for the liquid uptake by capillaries.
Numerical solution.
The phase diagram shown in Figure 2.19 prompts us to construct a numerical,
more detailed phase diagram based on derived Eq. 2.41:
R
dh
 dh
4 h dh
( )2 

1  0
2 cos  dt
 cos  dt R cos  dt

(2.41)

This equation contains all necessary terms describing both linear and nonlinear part of the uptake curve. This section aims to define the height of the meniscus,
where the transition between the linear and non-linear flow regimes occurs.
Figure 2.20a shows the numerical solution of Eq.2.41 for different capillary
radii and Figure 2.20b shows that all three kinetic curves can be approximated by a
straight line at the initial instants of time.

a)
b)
Figure 2.20. Numerical solution of Eq.2.41 for hexadecane. a) Different capillary
radii; b) example of a linear fit for all curves.

The straight line is described by equation h=Ut+b, where U is the velocity of
liquid front propagation and b is the initial condition (equal to h0=10-6m in our
calculation). From the scaling analysis, U is defined as being equal to Uχμ:
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U  U x 

dh 1  cos 
 
dt b


(2.45)

Thus, the treadline becomes h= Uχμt+b. Figure 2.21 shows a graphic representation
of numerical solution of Eq. 2.41 and its fit with h*=Uχμt+b for the 250μm radius
capillary. The curves do overlap and, hence, equation h= Uχμt+b can be used to
describe the linear part of the kinetic curve.

Figure 2.21. Numerical solution of Eq. 2.41 (the blue solid line), h*=Uχμt+b ( the red
dashed line)

The existence of a linear portion of uptake kinetics implies that in the region
under consideration the friction on the meniscus or inertia overbalances the Poiseuille
friction. We define the kinetic regime “linear” when the linear approximation of the
solution hlinear fit=xt+b does not deviate more than 10% from the numerical solution or
│(hlinear fit(t)- hnumeric(t))/ hlinear fit(t)│< 0.1, where hnumeric(t) –a value of numerical
solution of governing Eq. 2.41, Figure 2.22.
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Figure 2.22. Determination of the time moment when of linear equation hlinear fit=xt+b
shows 10% deviation from numerical solution. Black arrows point to the 10%
deviation point between the linear fit and numerical solution of Eq. 2.41 for
hexadecane in capillary of R=0.25mm radius.

In Eq.2.41, there are two terms that may contribute to the linear behavior:
inertial force and friction force on the contact line (Figure 2.17). Hence, the linear fit
can be described by following Eq. 2.54-2.56.
R
dh
( )2  1  0
2 cos  dt

(2.54)



dh
1 dh
1  0 
1  0
 cos  dt
U  dt

(2.55)

R
dh
 dh
( )2 
1  0
2 cos  dt
 cos  dt

(2.56)

Figure 2.23 represents a numerical solution of Eq. 2.41 and its liner fit
R
dh
( )2  1  0 (Eq. 2.54).
2 cos  dt
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Figure 2.23. Numerical solution of Eq 2.41 for hexadecane (the blue solid line), and
R
dh
its linear approximation
( )2  1  0 (the red dashed line)
2 cos  dt

The graphic representation of Eq. 2.54 does not overlap with the numerical solution
of Eq. 2.41, and hence cannot be used to describe the linear part of uptake kinetic
curve.
It is worth mentioning, that solutions to Eq. 2.55 and Eq. 2.56 for small
capillaries run very close to each other, and hence we will ignore Eq. 2.56 and will go
forward fitting the curves with equation 2.55. This procedure was repeated for the
range of capillaries up to 750 micrometers in radius and the time T0 (Figure 2.22) was
extracted for each capillary size. Then the boundary line was obtained as h=UχμT0+b.
As a result of this procedure, we obtain the dataset of hχ(R), the boundary of
linear kinetics for the different capillary radii. The results are plotted in Figure 2.24.
In the area under the curve the uptake kinetics will follow the linear regime.
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Figure 2.24. The phase diagram constructed by numerically solving Eq 2.41 with
linear fit hχ=Uχμt+b. In the area under the boundary defined by the square dots the
uptake can be described in a linear approximation.

The line made of solid squares divides the linear and non-linear regime of
liquid flow. This boundary has a bell like shape (Figure 2.24). The boundary curve
increases almost linearly with the capillary radius up to R~350μm. Beyond this radius
in region 400-750μm the boundary curve decreases steeply. According to this
analysis, one should expect to see the L-W kinetics in large capillaries. This
contradicts the experimental observations and scaling analysis. We therefore should
introduce another linear approximation which takes into account the inertial terms. To
confirm this hypothesis, a truncated Eq. 2.41 was solved for the R=50, 250, 450 and
750μm capillaries and then was solved without inertial term. As can be seen in Figure
2.25a, for capillary radii 50 and 250μm there is no difference between two solutions.
These kinetic curves completely overlap each other. For capillaries with the radii in
50

the range the 450-500μm we start seeing the deviation between these two kinetics,
and for capillary with the 750μm radius the deviation is clearly observed. Figure
2.25b additionally proves than for capillary size less than 500μm in radius, the inertial
force does not play any significant role. Figure 2.26 represents a numerically built
phase diagram for R<500μm.

Figure 2.25. Numerical solution of Eq. 2.41 considering inertia term (the solid line)
and omitting inertia term (the dashed line).

The difference between a numerically built phase diagram and that constructed using
the scaling arguments is that the L-W kinetics is shading by a more complicated
kinetics described by equation 

dh 4 h dh

  cos   0 . One the other hand,
dt
R dt

the demarcation separating two flow regimes does follow a linear approximation
hχ=kR.
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dh 4 h dh

  cos   0
dt
R dt



dh
  cos   0
dt

Figure 2.26. Numerically by built phase diagram for region R<500μm.

When the capillary radius is greater than R~500μm, the kinetics of hexadecane uptake
can be approximated by either Eq. 2.55 or 2.56.
Figure 2.27 shows that if we use only Eq. 2.54 to fit the linear portion of
kinetic curve for capillaries with radii R>500μm, the approximate solution
significantly deviates from solution of Eq. 2.41.

Figure 2.27. Numerical solution of Eq. 2.41 for hexadecane (the blue solid line),
solution of Eq. 2.55 (a-the black dashed line), and solution of Eq. 2.56 (b-the red
dashed line)
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Hence, the inertial term alone does not define the border between the linear
and non-linear part of the kinetic curve and should be augmented by another term, the
meniscus friction term in Eq. 2.56. Figure 2.28a shows the boundary between the
linear and non-linear part of kinetic curves.

R  dh 2
dh 4 h dh
( )  

  cos   0
2 dt
dt
R dt

R  dh 2 4 h dh
( ) 
  cos   0
2 dt
R dt

R  dh 2
dh
( )  
  cos   0
2 dt
dt

R  dh 2
( )   cos   0
2 dt

a)
b)
Figure 2.28. Numerical phase diagram for region R>500 μm. a) numerical solution of
Eq. 2.41 with linear fit; b) Numerical solution of Eq 2.57, with linear fit.
Demarcation between the linear kinetics described by Eq. 2.56 and nonlinear kinetics
described by Eq. 2.41.

In large capillaries, we expect that inertial force would dominate the friction
force on the meniscus. Therefore, the inertial force, viscous Poiseuille force, and
wetting force are expected to control the flow (Eq.2.57).
R
dh
4 h dh
( )2 
1  0
2 cos  dt
R cos  dt

(2.57)

If we use Eq. 2.57 as our governing equation, only inertial term can contribute
to the linear kinetics (Figure 2.28b).
Figure 2.28b shows the demarcation between a linear kinetics and that
described by Eq. 2.57. The demarcation line of numerical solution of Eq. 2.57 is
twice less in value compared to that of Eq. 2.41 with Eq. 2.56 being the linear fit.
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When we overlay the graphs in Figures 2.28a, b and 2.26, we observe that
solution described in Figure 2.26 intersects the solution in Figure 2.28a. Therefore,
we can introduce boundary R=RB similarly to that of Eq. 2.48. At the same time, the
solution from Figure 2.28b goes twice as low and intersects the graph from Figure
2.26 at very low values of capillary radii. That implies that inertia is important for
small capillaries. Therefore, this nonphysical solution should be dropped. Hence,
kinetics of liquid uptake by large capillaries R> RB is governed by the inertial force,
friction force on the contact line, viscous Poiseuille force and wetting force.
Figure 2.29 shows the phase diagram resulting from the numerical solution:

Figure 2.29. Numerically built phase diagram of different regimes of liquid uptake by
short capillary tubes.

This diagram is valid for materials with thickness of few millimeters (3-4mm)
when the air resistance is not important (left band of the diagram, R=0-100μm). For
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the capillary length (or thickness of the material) above 10mm and radius less than
100μm we have to take into consideration the air resistance (Figure 2.11)
Small capillaries deserve a special consideration, Figure 2.30. It appears that
in capillaries with the radii in the range 100nm and 10μm the linear kinetics could not
be observed. The Poiseuille friction force plays the crucial role in these capillaries.
Numerical solution of Eq. 2.53 reveals that in small capillaries, R<10μm the liquid
uptake obeys the L-W kinetics. This fact is reflected on the phase diagram in Figure
2.29 as a narrow band situated in between 0<R<50μm.

Figure 2.30. Numerical solution of Eq 2.53 for small capillaries, where b =
and c =

4 h
. Hexadecane, χ=70, θ=30o.
R cos 


 cos 

In order to appreciate the importance of different forces on uptake kinetics, we shown
the corresponding kinetic curve when only selected forces are included, Figure 2.31
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Figure 2.31. Numerical solution of fundamental Eq. 2.41 and truncated equations.
R
Hexadecane in R= 0.05mm. The coefficient in the box a=
(inertial term), b =
2 cos 

4 h
(friction force on the meniscus) and c=
(Poiseuille term).
 cos 
R cos 

Phase diagram in Figure 2.29 reveals that the uptake kinetics in the band
R<RB is described by Eq. 2.53 that excludes the inertial force. Numerical solution of
Eq. 2.41 for hexadecane in capillary R=0.05mm confirms our predictions.
From the phase diagram in Figure 2.29 we observed that the friction force on
the meniscus becomes important for capillary greater than R=10μm and exists in all
range of capillaries.

2.8 Conclusion
We derived model Eq. 2.41 describing the fluid uptake dynamics in short
capillaries where the effects of apparent mass, gravity and air resistance can be
neglected. We employed an inspection analysis of this equation based on the scaling
arguments. The scaling analysis reveals four different regimes that can be specified by
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the phase diagram shown in Figure 2.19 and the boundaries provide scaling relations
between h and R and physico-chemical parameters of the materials. The findings are
supported by numerical solution (Figure 2.31).
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3

IMAGE ANALYSIS AS A TOOL TO TRACK LIQUID
FRONT PROPAGATION AND EVALUATE WETTING
PROPERTIES OF MATERIALS

3.1 Introduction
One of the first studies of spontaneous liquid uptake was motivated by the
challenging problem of the sap ascent into the wood cells[1]. Liquids spontaneously
fill capillaries in milliseconds, and the uptake velocity can be as high as 100mm/s[2].
Therefore, an analysis of the uptake mechanism and flow pattern is difficult to study
using conventional methods of materials science and fluid dynamics.
Historically, a number of different techniques have been employed to film
liquid uptake by capillary[3]. Initially, high-speed imaging with a stop-watch or
pendulum calibration was used.
In 1944, Rense[4] reported use of stroboscopic photography with a time
resolution of 1/20 sec. While serving its purpose for the analysis of meniscus motion
at later stages of imbibition, stroboscopic photography was not able to capture early
motion of the meniscus. Later, Rense continued to use this technique for further
experiments at the timescales of 1/10s and 1/20s and length of the liquid column was
measured using cathetometer[5]. In this work, Rense stressed again the importance of
the precise measurements of time-distance relationship and mentioned, that
photographic difficulties prevented him to capture the dynamics of meniscus
formation at the very first moments of liquid uptake [5]. In more recent studies,
stroboscopic lamp was used to achieve the 1/100s time resolution[6]. This
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corresponded to 2mm displacement of the liquid meniscus in the capillary for the
highest observed rate (200mm/s).
In 1979 Jeje reported use of the high-speed camera as a tool to track the
meniscus during capillary rise[7]. A high-speed camera, a Redlake HYCAM model,
was equipped with 100/ 1000-Hz timing light generator, and was actuated at frame
rates preset in different runs between 500 and 2000/sec. Even though the imaging
speed was quite sufficient, the films were analyzed frame by frame on a L-W 16-mm
data analyzer. Again, tremendous amount of work was done to manually measure the
rise of liquid front.
Use of the high speed camera continued in the experiments by Quere[8, 9].
The images were taken each 5ms. Quere was able to film the initial stages of
imbibitions, where he noticed numerical deviation of the meniscus velocity from the
Bosanquet value. Also, oscillations of the liquid front[9] as well as meniscus
formation[10] were observed.

The use of high speed filming has been proven

sensitive enough to study incremental changes of position of the propagating liquid
front. However, the image processing was still cumbersome and required a tedious
analysis of a large number of images that needed to be processed. With the
development of image processing software, such as Matlab® Image Processing
Toolbox[11], it became possible to automate the analysis of images of meniscus
propagation.
We report on the development of Matlab® programs and their application to
study meniscus formation.

Image sequences were captured using a high-speed

camera and typically included hundreds of images, making the automated procedure
essential to analyze the dynamics of meniscus formation and movement.
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The

developed programs were used to determine the shape and position of the liquid/gas
interfaces. Two separate algorithms were implemented – one for tracking the
curvature and the location of the meniscus inside the capillary, and another for
tracking the contact angle and location of the meniscus forming on the external
surface of the capillary. This chapter describes the team effort to develop and
implement both algorithms. Dr. B. Rubin and Ph.D. student Yu Gu, developed the
Matlab codes. The author tested these codes and suggested necessary corrections.

3.1.1 Preliminary image processing
Different image sequences were captured using different relative orientation of
the camera and the capillary. In order to determine the orientation, the user is required
to manually indicate the direction of the liquid flow in the capillary by pointing the
mouse first to the edge of the capillary and to its interior. The image is consequently
rotated so that the capillary is oriented vertically.
The user is then required to point the mouse to the edges of the capillary near
the liquid surface (the red dot) and then away from the surface of the capillary (the
green dot) (Figure 3.1a). These operations are performed on the first image in the
sequence. The first image in the sequence to be analyzed should be selected as the last
image where the capillary is about to touch the liquid but it is still suspended. An
example of such an image is shown in Figure3.1b where the red dashed line
represents the liquid/ air interface, and Figure 3.1a represents an original image. The
liquid used in the experiment was silicon oil and the capillary radius was 250µm. The
user is also required to point the liquid surface, although automatic surface detection
is also possible.
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Click “Y” when line
corresponds to the surface

Click “Y” when line
corresponds to the surface

a)
b)
Figure 3.1. Determination of the liquid surface using initial original images of the
capillary tube approaching the surface; a) setting the capillary orientation; b) defining
an air-liquid interface.

The images are captured in the RGB format. For our purposes, they are first
converted to an 8-bit grayscale format. Grayscale image with the size of NxM pixels
is represented numerically as an NxM matrix. Each element of the matrix is an integer
in the range of 0-255 representing the intensity (brightness) of the corresponding
pixel; 0 corresponds to the black pixel and 255 - to the white one. The numerical
representation of the grayscale image is illustrated in Figures 3.2 b,c, where the
numerical values of the pixel intensities for a small selected area in the image (Figure
3.2b) are shown.

a)
b)
c)
Figure 3.2. a) Fist image in a sequence; b) zoomed-in section of the grayscale image
near the capillary wall; c) pixel intensity values corresponding to the box on the
capillary wall image.
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The contrast of grayscale image is improved by adjusting the pixel intensity
values (Matlab® function imadjust) such that 10% of the pixels are saturated at low
and high intensities. This improves the contrast and widens the dynamic range of the
original image. The pixel intensity histograms before and after the adjustment are
shown in Figure 3.3. Note that the adjusted image histogram fills the entire range of
gray scale.

a)
b)
Figure 3.3 a) Image histogram before intensity adjustment; b) after intensity
adjustment.

Using the user-provided coordinates of the points on the right and left edges of
the capillary, one can split the original image into three images. The first is used for
the examination of the capillary interior, and two others are used for the analysis of
the capillary exterior (to the left and to the right of the capillary).
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Figure 3.4. Determination of the relative position of the pixel and the capillary wall
using a cross product: the cross product A  B corresponding to the pixel of the left
side of capillary wall is pointing toward the reader; the cross product A  C
corresponding to the pixel on the right side of the wall is pointing outward the reader.

In order to discriminate between the pixels located inside and outside the
capillary, the following operation is used. We calculate the cross product of the vector
directed along the capillary wall and the vector pointing from the capillary edge to the
pixel under consideration. The sign of this cross product is then used to determine
whether the pixel is located to the left or to the right of the capillary wall, as
illustrated in Figure 3.4 This operation is repeated for each individual pixel, and is
performed for the left and for the right wall. The image is consequently split into three
images, each image corresponding to either region of interest: the region to the left of
the capillary, the region inside the capillary, and the region to the right of the
capillary. Each of the three images has the same size as that of the full (original)
image, while the pixel values outside the corresponding region of interest are set to
zero. Thus, in the image corresponding to the interior of the capillary, all pixel values
outside the capillary are set zero. Up to this point, the same procedure is used to study
the internal and external menisci. From this point on, different procedures are used for
the internal and external regions.
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3.1.2 External meniscus. Its curvature and contact angle
In order to detect and analyze the external meniscus, a thresholding is
performed (Matlab function im2bw) in the input image. This Matlab function sets the
1- value to all pixels with the luminance greater than a certain user chosen value. The
thresholding also sets the 0 – values to all other pixels. In the original images, the
regions occupied by the liquid and the capillary are always dark on the bright
background. Thus, the tresholding sets the 0-value to all pixels corresponding to the
liquid and capillary and the 1-value to the background air. This operation allows one
to distinguish the liquid and capillary walls from an empty space. The user is required
to adjust the thresholding level if necessary. Figure 3.5 shows the grayscale images of
the left and right exterior regions before and after thresholding.

SR
a

b

c

d

e

Figure 3.5. Images of the external meniscus: a) original image; (b, d) left and right
exterior regions before thresholding and (c, e) after the thresholding. The horizontal
blue lines illustrate the rows of pixels in the image, the SR-the number of white pixels
in the row.

Using the black-and-white images of the meniscus, it is easy to determine the
meniscus shape as a boundary between the black and white regions. First, a sum of
each row of the matrix representing the black-and-white image is calculated, resulting
in a column vector. The elements of this vector are integers SR, (where R is a row
number and SR is the number of white pixels in this row). The boundary pixel
separating the black region from the white in the row R is sitting SR pixels away from
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the left/right side of image box. Using this rule, the coordinates of the pixels located
on the black-white boundary are determined. The boundary between black and white
regions is now represented as function SR(R). The plot of the function SR includes both
the shape of the meniscus and the capillary wall.
The top edge of the meniscus corresponds to the contact line, which is a
boundary between the meniscus and the capillary wall. In order to determine the
location of the contact line, one can use a slope of the curve SR, which is numerically
expressed as a derivative: D R 

( R  1)  R
1

S R 1  S R
S R 1  S R

.

If this derivative is greater than a chosen critical value d at row R, one says
that the capillary wall is situated SR pixels from the left/right side of the image box in
row R. Moving along the capillary wall up or down, one calculates the pixel
derivative DR. If the pixel derivative decreases below critical value d, one says that
the contact line is situated SR pixels from the left /right side of the image box in row
R. All SR pixels with the pixel derivative smaller than d are associated with meniscus.
The interface pixels are analyzed starting from the top edge, which always
corresponds to the capillary wall. The point where the black-white interface deviates
from the wall corresponds to the liquid-capillary contact line; therefore the meniscus
begins from that point. The pixels associated with the meniscus profiles are saved.
Figure 3.6a shows the highlighted meniscus, identified using the proposed algorithm.
In order to determine the contact angle formed by the meniscus with the capillary
wall, 5 points of the meniscus adjacent to the wall are fitted with a straight line, and
the angle between this line and the capillary wall is calculated. Figure 3.6b shows the
best fit used to calculate the contact angle.
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Figure 3.6. a) Image with the external meniscus highlighted; b) the tangent lines used
for the contact angle calculation.

This procedure is applied to all images in the sequence, and the results are
plotted and saved for further analysis.

a)
b)
Figure 3.7. Silicone oil penetrating a 0.25 mm radius capillary. a) External contact
angle; b) the height of the external meniscus vs. time.

The height of the meniscus, another important parameter, can also be
determined within the proposed method. The resulting plots of the contact angle and
the meniscus height are shown in Figure 3.7. In this image, the capillary was slightly
tilted to the right, which resulted in an asymmetric meniscus shape, and the meniscus
was slightly higher on the left side of the capillary. The difference between the left
and right sides is insignificant.
In this method, there is a challenge to determine the exact end points of the
meniscus on the capillary. Even if the correct meniscus end is found, the linear
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approximation using the points adjacent to capillary wall is an ill-posed mathematical
problem. We have no criteria to determine a correct choice of these points. In the
equilibrium case, for a better calculation of the contact angle, we suggest to model the
meniscus shape using the basic Laplace law of capillarity.
3.1.3 Capillary rise of external meniscus on solid fibers. Theoretical
calculations of the contact angle.
The shape of the external meniscus is described by the Laplace equation[12]

d 2z
dz 2
dz 2 12 1 dz
2
 {1  [ ] }{ z[1  ( ) ] 
},
dr 2
dr
dr
r dr

(3.1)

where z and r are the y- and x- coordinates of meniscus normalized by the radius of
capillary r0 as shown in Figure 3.8. The boundary conditions for Eq. 3.1 state that the
function z = z (r) tends to zero at infinity and the slope dz/dr=-tgφ at the fiber surface
is defined through the angle φ in Figure 3.8. The dimensionless parameter

  r0 /  /  g

(3.2)

is associated with the Bond number. In Eq. 3.2, σ, ρ are the surface tension and
density of the liquid, respectively. If the -parameter is small, ε2<<1, the gravity is
insignificant, and the terms related to ε2 can be introduced as a perturbation of the
Laplace equation without gravity. Assuming =0, one can find an asymptotic solution
z=f(r,0) which must be corrected in region r ~ O(1) by matching it with the solution
which is valid in the region far away from the fiber, r >>1[12]. This asymptotic
solution was found by Lo and it is written as:
1

z (r ,  )  c ln   c(2ln 2   )  c ln[r  (r 2  c 2 ) 2 ]
where γ=0.577 is the Euler constant, and c=sinφ.
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(3.3)

The angle φ is a boundary condition for asymptotic solution at the fiber surface. Using
solution (3.3), one can connect the angle φ with the equilibrium height of the
meniscus as:

H  z (r  1)  sin {ln

4
}
 (1  cos 

(3.4)

Figure 3.8. The static meniscus y = y(x) outside a circular capillary.

Instead of measuring the contact angle directly from the image as a slope to
the meniscus profile, we would like to fit the meniscus profile with Eq. 3.3 using the
contact angle as an adjustable parameter. To do so, the original picture should be
transformed into set of (x,y)-coordinates. First, the image is transformed into the
black-and-white image as discussed earlier with the 1-value corresponding to the
white pixel and the 0-value corresponding to the black one. After this transformation,
the image is converted into a matrix where the position of each pixel is defined by its
column and row number.
Using this matrix, one can specify the meniscus shape and separate it from the
capillary. The idea of the developed Matlab® code is as follows. One needs to scan
the image column by column starting from the left top corner; during scanning, the
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coordinates of the first black pixel in the each column are recorded. The row numbers
correspond to the y-coordinate and the column number corresponds to the xcoordinate of the pixel. Thus, the position of each point i including meniscus and
capillary is recorded as a set of data points (xi, yi). Then the slope ki at each point (xi,
yi) is calculated as:
ki 

yi  yi 1
xi  xi 1

(3.5)

The difference between two slopes calculated at the adjacent points i and i-1 is
defined as:
Δk=ki-ki-1.

(3.6)

If the difference Δk is greater than a chosen critical value k0, we associate this point
with the capillary wall. The points where the slope difference is lower than k0 belong
to the meniscus. Using this algorithm, one can distinguish the capillary from the
meniscus. We define two end points A and B as shown in Figure 3.9 for the left and
right menisci. The capillary is defined as the region bounded by the two columns
corresponding to A and B points.
In the next step, we need to transform the column and row numbers for the
meniscus part into the normalized coordinates for further application of Eq. 3.3 (see
Figure 3.8). To do that, we introduce the x- and y-axes of the coordinates system as
follows. The pixel column situated in the middle between the A- and B- columns in
Figure 3.9 is defined as the vertical y-axis of the Cartesian coordinate system and it is
shown in Figure 3.9 as the dashed red line. The x-coordinate of each point is
determined with respect to this axis and normalized by the external capillary radius r0
as r=x/r0.
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In most cases, the fiber is thin and when we focus the camera on meniscus, the
horizontal free surface is not captured by the image. Therefore, it is difficult to
determine the vertical coordinate z=y/r0 requiring the knowledge of the coordinates of
horizontal free surface y=0. In order to find the original free surface, i.e. the x-axis,
we first take an initial guess and require the free horizontal surface y=0 to emanate
from the row corresponding to the lowest point C of the whole meniscus as shown in
Figure 3.9. This horizontal line defines the x-axis. The origin of the coordinates,
point O, is defined as the interception of the x- and y-axes. The normalized zcoordinate is calculated with respect to this level, and used in Eq. 3.3. One can check
whether this choice of the horizontal free surface is appropriate or not by using angle
φ and meniscus height H as two adjustable parameters. To do this, we introduce the
function:

s   ( zifit  zi )

2

(3.7)

i

where, zifit is defined by Eq. 3.3 with unknown angle φ. The function Δs(φ) is the
squared residual, representing the difference between the actual experimental and
theoretical menisci. The subscript φ implies that the squared residual Δs depends on
angle .
If the chosen free surface y = 0 does not provide a good approximation, i.e. the
squared residual is larger than the value demanded by the user, one can introduce
another adjustable parameter, the level of free surface with respect to the contact line,
H. Changing the level of free surface with respect to the contact line, one can
calculate the minimum of the squared residual, Δs(φ)min, and corresponding φ. This
j
way, one can collect a set of s( )min
, and φj at each Hj,. Then one can compare this
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j
j
set s( )min
and obtain its minimum s( ) MIN
. The corresponding level H is declared

as the original level of the free surface. The angle φ associated with this H - level is
taken as the real value for the meniscus supplementary contact angle.
In order to realize this idea, the left and right menisci were analyzed
independently using the above sketched algorithm. After this analysis, we found that
the liquid levels for these two menisci are generally different. In order to obtain the
real height of the meniscus and hence the real free surface, we introduced the distance
between the initial guess y = 0 and unknown correct level. For the left and right
menisci as ∆HL and ∆HR these distances are different as shown in Figure 3.9. The
difference is most likely be caused by a small tilt of the capillary. In order to bring the
left and right references yL,R = 0 to the same level (∆HL=∆HR), we rotated the whole
image. After the counter clockwise rotation of the whole image by an angle θ with
respect to the point O, the points (ri zi) are transferred to the (Ri Zi) – matrix connected
through the formula

 Ri   cos 
 
 Zi   sin 

 sin    ri 
 
cos    zi 

(3.8)

The exact value of rotation angle θ is not known in advance and has to be found by
comparing the results of rotation with the experimental data. The first guess of θ was
chosen to be θ = 0.0010. Then we repeat the procedure, i.e. we define new points A ,
B , C , and O use Eq.3.3 to fit both menisci. We change the rotation angle θ until
the equality ∆HL=∆HR is satisfied. The result of this protocol is illustrated in Figure
3.10.
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Initial guess

HC

B

HI

∆HR

∆HL

A

C
O

Correct position

Figure 3.9. The external meniscus and capillary wall are shown in red. A trial liquid
level corresponds to a horizontal line emanated from the right end point of the
meniscus. The correct liquid level is shown as the dashed green line.

The red dots are the data points (r,z), where the z-position is taken with respect
to the liquid level obtained from the best fit. The blue dashed line is the asymptotic
solution of the Laplace equation obtained by Lo[12] and the black line is the
numerical solution of the Laplace equation Eq. 3.1. The numerical solution is shown
to confirm that the asymptotic solution describes the meniscus with a high accuracy.
The final result includes two contact angles: one of the right meniscus, 90-φR, and one
for the left, 90-φL.
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Figure 3.10. The water meniscus shape of water on the 127μm diameter tungsten
wire.

3.1.4 Internal meniscus, its curvature, and contact angle
The image corresponding to the interior of the capillary is typically more
complicated (Figure 3.11a) than that of the exterior. It includes several bright and
dark areas, complicating the determination of the internal meniscus shape accurately
using the same technique as that applied for the external meniscus. In order to
improve the contrast, we proposed to employ the image subtraction procedure[13].
The image subtraction is based on calculation of a difference between a matrix
representing the image in question and a matrix representing the reference image. As
a result of this subtraction, we generate a difference image. The difference image has
the zero-values in the areas where two frames are identical (except for a small amount
of noise), and the non-zero values clustered in the areas where two frames are

74

different, e.g. where a moving object is present. In the case considered here, the
largest cluster of the non-zero values corresponds to the moving meniscus.
The reference image can be selected as either the first frame in the sequence,
corresponding to the empty capillary, or the image preceding the image in question.
The latter method, where the difference image is calculated from two consecutive
images, allows the determination of the shape of the internal meniscus more
accurately.
After calculation of the difference image, its brightness is adjusted to increase
the contrast between the meniscus and the background (Matlab function imadjust).
Then, as noted in the case of external meniscus, the thresholding is performed (Matlab
function im2bw), and in the resulting image, the meniscus is represented as a gray
field on a black background. Smaller gray spots can also exist due to the image noise.
The noise is filtered by removing all connected components (objects) that are less
than a certain number of pixels. Although this step is optional, it allows one to reduce
the time required for the following step. In this step, the areas and the pixel
coordinates of all connected components in the image are determined by the Matlab
function bwconncomp. The meniscus is defined as a component with the largest area.
The resulting black-and-white image of the meniscus is shown in Figure 3.11b.
In order to determine the shape of the meniscus, the matrix corresponding to
Figure 3.11b is used. An average y-coordinate is calculated for each column x, and
the resulting shape is fitted with a circle. The circle radius corresponds to the
meniscus radius of curvature, and the lowest point on the circle is used to determine
the meniscus height. The results of the fitting are shown in Figure 3.11 d.
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Figure 3.11. a) Original image of the internal meniscus, b) black and white image of
the meniscus pixels, c) grayscale image with the meniscus points highlighted, d)
original image with the circle fitted to the meniscus.

The outsiders, the data points that are not consistent with the rest of the data,
are removed using the following procedure. The data set, representing the time
dependent meniscus characteristics such as coordinate, curvature, or contact angle, is
subdivided into the subsets. Typically, the full data set includes about thousand
points, and the subset size is selected to contain hundred points. In each subset, the
mean value M and the standard deviation σ, are calculated, and the values that are
more than σ, away from the mean, are removed. One assumes that the variation of the
curvature radius over time is continuous and smooth. Thus, the outsiders do not
contain any useful physical information, and are artifacts of either orignal image or its
processing derivatives. When the outsiders are removed, the contact angle is
calculated based on the meniscus radius of curvature R and the radius of the capillary
r as:
cos  

r
,
R

(3.9)

The resulting plot of the contact angle vs. time is shown in Figure 3.12b.
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Figure 3.12. Determination of the dynamic contact angle of the meniscus. a) Optical
image of the meniscus b) meniscus contact angle vs. time.

3.1.5

Meniscus propagating through the capillary.
In order to study the dynamics of liquid uptake, the same program was

utilized. A matrix representing the background image is subtracted from a matrix
representing the n-th frame in the sequence (In) and stored in the matrix dI. The
difference matrix has zero elements in the areas where two frames are identical
(except for a small amount of noise), and the non-zero values were clustered in the
areas where two frames are different. The largest cluster of the non-zero values
corresponds to the meniscus. As the background, one can use the first frame in the
sequence corresponding to the empty capillary without the meniscus image.
Alternatively, the (n-1)-th frame can be used as the reference for the n-th frame. The
difference between these two approaches is that in the former case the coordinate of
the centroid point of the meniscus is determined, while in the latter case the
coordinate of the point that is closer to the leading edge of the meniscus is
determined.
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Figure 3.13. a) Black and white image of the meniscus, b) grayscale image with the
meniscus points highlighted.

For a range of the studied experimental conditions, two methods give
essentially the same result. If the meniscus is moving extremely fast, or the frame rate
is slow, so that the menisci on two consecutive images do not overlap each other, the
algorithm using the difference between the two consecutive images may produce
inaccurate results. The brightness of the difference image is again adjusted in order to
improve the contrast, so that the intensity values of the pixels with the intensity
between 50% and 51% of the maximum are extended to the full intensity range. The
pixels darker than 50% of the maximum become black, and the pixels brighter than
51% of the maximum become white. After this adjustment, the meniscus is
represented as a bright spot on the difference image Figure 3.13b.

a)
b)
Figure 3.14. a) Meniscus position in the capillary relative to the end of the capillary
vs. time determined by the image analysis for hexadecane penetrating a 0.15 mm
inner radius capillary, b) velocity of the meniscus vs. time.
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At the end, the program plots and saves the resulting coordinate versus time
dependence as well as calculates and plots the volume and velocity of the liquid
column versus time. The examples of the resulting plots of the meniscus position and
its velocity vs. time are shown in Figure 3.14.

3.2 Conclusions
Modern high speed camera image recording is an excellent tool to study fast
processes such as imbibitions of the liquids into capillaries. High speed imaging
makes it possible to monitor the meniscus propagation not only at the late, but also at
the very early stages of the liquid uptake.
Processing of the recorded images with software such as Matlab® eliminates
the need for laborious process.
In our work, the following key steps were developed:


Recorded images were converted from RGB to 8 bit grayscale format



Tresholding was used to differentiate between the gas and liquid
phases (the process in which the pixels of certain intensity are replaced
with either 1 or 0 value, corresponding to back or white regions,
respectively)



The shape of external meniscus and its position are determined as a
boundary between the black and white regions



Image subtraction was used to determine the shape and position of the
internal meniscus



Custom developed sub-programs provide the meniscus position,
contact angle, and velocity.
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4

EXPERIMENTAL SETUP AND MATERIALS

In the previous chapters, we discussed the problem of liquid uptake by
capillaries and used mathematical modelling for the analysis of possible regimes of
uptake. We developed an image processing protocol which allows one to work with a
large library of data points associated with the images. In this chapter, we describe the
experimental setup that we use for the experimental analyses of liquid menisci and
explain the sample preparation protocols.

4.1 Studying uptake kinetics
4.1.1 Materials
We focus on the absorption features observed in a model system consisting of
a single cylindrical glass tube. The tube surface is modified to be wettable by most
fluids. In order to eliminate the effects of the liquid evaporation, the low vapour
pressure liquids such as tributyl-phosphate (TBP), hexadecane, and silicon oil (SO)
were chosen for the uptake experiments. The properties of these liquids are given in
Table 4.1. Cylindrical capillaries from VitroCom Company with 0.1m length were
used in the experiments. Specification of the capillaries is given in Table 4.2, where
Di is the internal diameter of capillary tube and De is the external diameter of capillary
tube. For experiments with capillary uptake, the capillary tubes were cleaned from
dust using nitrogen stream.
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Table 4-1. Physical properties of liquids used in the uptake experiment.
Liquid

Surface

Viscosity

Density

Manufacturer

tension at

(mPas)

(Kg/m3)

29

3.7

972

Sigma-Aldrich

Hexadecane

27

3.1

773

Sigma-Aldrich

Silicon Oil

21.1

50

960

Sigma-Aldrich

Water (DI)

72

1

1000

Clemson

200C (mN/m)
Tributyl
phosphate(TBP)

Table 4-2. Cylindrical capillaries from VitroCom Company
DI(μm)

100

200

300

400

500

600

700

800

900

1000

De(μm)

170

330

400

550

700

840

870

1000

1100

1200

4.2 Experimental setup
The experimental setup consisted of Pyrex® crystallizing dish, 60ml, two
Linear

Positioning

Stages

(VT-21,

Micous,

USA),

High-Speed

camera

(MotionProX3; Integrated Design Tools, Inc; Tallahassee, Florida) with a lens
(Micro-Nikkor 105mm,USA) (Figure 4.1).
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Figure 4.1 Schematic of the experimental setup for studying liquid uptake

The liquid was poured over the dish edges making it easier to visualize the airliquid interface. With the chosen large diameter (70mm) of the dish, the liquid surface
had no visible curvature in the region where the capillary made contact with the liquid
surface. Spontaneous uptake of the liquids by large capillaries with tens or hundreds
microns internal diameter is very fast; it takes only a few milliseconds to absorb
droplets of a comparable size [1]. Thus, to monitor the liquid uptake, high-speed
imaging was employed. The high-speed camera was set at 3000 frames per second,
requiring a strong light source (Chiu Technical Corporation, FO-150, USA). The
camera was positioned parallel to the liquid level. To avoid reflection from the liquid
and glass capillary, as well as to decrease the heat from the light source, the
illuminating lamp was positioned between the dish and the white screen. The source
of light was directed to the reflective white screen which was placed in front of the
camera right behind the dish with the capillary. The linear positioning stage #2 was
programmed to bring the capillary in contact with the free surface of the liquid at a
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speed of 5mm/s at 10μm steps. A grid was drawn on the stage #2 to vertically orient
the capillary tube. Stage #1 was used to manipulate the capillary in horizontal
directions and keep it in the middle of the dish with the liquid. This setup was placed
on the optical breadboard to avoid any vibrations of the equipment and shaking of the
capillary and liquid surface during experiments. There are some limitations for the
high-speed camera: when we focus on the meniscus, the vertical resolution was
typically limited to 10-150mm (the area of focus depends on the diameter of
capillary). To have a possibility to compare the dynamics of liquid uptake for all
capillaries, the recording time was fixed.

4.2.1 Effects of meniscus contact with the surface
The capillary edge is not perfectly smooth as shown in Figure 4.2a. Therefore, the
contact of the capillary with the liquid surface is not perfect. We observed two types
of contact of the capillary with the free surface. In the first case, the liquid surface
bulged up and “kissed” the capillary, Figure 4.3b. In the second case, the liquid
surface stayed still and flat until the capillary pierced it as depicted in Figure 4.3a. In
both cases, the time zero was set at the moment when the capillary first touched the
surface Figure 4.2b. From this moment on, we did not observe any significant
differences between the uptake kinetics.

a)
b)
Figure 4.2. a) A capillary approaching the liquid surface. Observe that the edge is not
perfectly smooth. b) A capillary touching the liquid surface
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a)
b)
Figure 4.3. Two different cases of contact of a capillary with liquid surface. a)
Perfect contact, the surface underneath the capillary stays flat until the capillary
touches it. b) Imperfect contact, the liquid surface bulges when the capillary
approaches.

Nagel and Cohen who did extensive study of this effect[2] were the first to report
these different cases of the behavior of liquid surface.
Each experiment was repeated three times for each capillary diameter. As an
example, in Figure 4.4 we show the dynamic curve of hexadecane uptake by
cylindrical capillary with the 300μm inner diameter. Meniscus position was specified
by the lowest point of the meniscus sag marked by the red dot in Figure 4.5.

Figure 4.4. Kinetics of hexadecane uptake by a cylindrical capillary with the 300μm
inner diameter.
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The length of the error bar was estimated as a difference between the
maximum and minimum of the meniscus position at each moment of time. Using a
Matlab algorithm the deviation and average values of the meniscus position were
calculated. In Figure 4.4, the blue line corresponds to the average meniscus position
over three experiments. The red lines represent the maximum and minimum meniscus
position for three experiments. For convenience, in the future we will plot only the
average values with the error bars.
Unfortunately, the definition of the meniscus position as a lowest point of
meniscus, Figure 4.5, does not guaranty a correct estimation of the liquid volume and
uptake kinetics. Therefore, as an alternative approach, the meniscus position was
defined as an upper position of the meniscus (green dot). In Figure 4.5, the solid line
shows the lowest point as the red line and the error bars were drawn based on the
upper position of the meniscus and the green line. It is seen that increasing the height
of the meniscus, the deviation between two curves increases.

Figure 4.5. Tracking the meniscus position inside capillary tube with the 500μm inner
diameter. Two different points corresponding to the green and red dots are considered
as two different meniscus positions.
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The temperature of surrounding air and liquid are important factors in our
experimental research. With changing temperature, the liquid properties such as
viscosity and surface tension are changed as well. As an example, Figure 4.6 shows
the hexadecane uptake in the 400μm capillary tube when the liquid temperature was
changed from 200C (the black line) to 300C (the blue line). The initial kinetics is the
same for both cases but with time when the length of liquid column increases the
deviation between two kinetic curves becomes more apparent. Therefore, the
experiments for all liquids have been done keeping approximately the same
conditions, i.e. the humidity was kept at the 35%±3% level and the liquid temperature
was kept at 200±20C.

Figure 4.6. Effect of different temperatures. Tracking the meniscus position inside
capillary tube with the 400μm inner diameter.

To study the formation of internal meniscus, the x-ray phase contrast imaging
was employed. We recorded the process of capillary contact with the free liquid
surface (Figure 4.7a). All experiments were performed in Argonne National Lab,
Argonne, IL. Using this technique, we were able to monitor the meniscus formation
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and its movement. Because of the restrictions on experimental setup, we observed the
meniscus only within about four tuArgonnbe diameters (Figure 4.7b). Then it
disappeared from the view.
To quantitatively analyze the process of the meniscus propagation, MatLab®
program has been utilized as well. The program was described in the previous
Chapter 3.

Capillary
tube

400μm

menisci

liquid

a)
b)
Figure 4.7. X-ray phase contrast images of hexadecane meniscus in the glass
capillaries of radius R = 200μm a) initial moment t = 0; b) external and internal
menisci at t = 4ms.

4.3 Studying external meniscus
4.3.1 Materials
To measure the contact angle on the flat surface, we used silicon wafer (FZ
Polished Silicon Wafer, SEH America Inc.) modified with an appropriate polymer,
Table 4-4. The tungsten wire (Advent Research Material, UK) was used to study
capillary rise of water. Wires were modified by the chosen polymers to attain required
surface energy. The sizes of wires are given in Table 4.3; as a liquid, DI water was
used in Table 4-3.
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Table 4-3. Parameters for tungsten wire; lc is the capillary length defined as
lc   / g 
127
179
229
D0(μm)

  D0 / 2lc

0.023

0.033

0.042

Table 4-4. Polymers and molecular weight.
Polymer name

Molecular weight

Poly(glycidyl
methacrylate) (PGMA)
Poly(vinylpyrnidinee)
(PVP)
Cellulose acetate (CA)

175000

Concentration in
chloroform
1 wt %

53000

1 wt %

37000

1 wt %

4.3.2 Experimental setup.
To measure the contact angle formed by the external meniscus with a
cylindrical wire or cylindrical capillary tube, we modified the setup in Figure 4.1 as
follows. The idea was to use a holder at both ends of the wire in order to set a wire
perfectly perpendicular to the liquid surface. It is important to have a holder at both
ends of fibres especially when polymer fibres/yarns or wires with very small
diameters are used. Most polymer fibers or yarns have internal stresses that cause
fiber bending, and, therefore, it is a big challenge to dip this fiber into the liquid
perpendicularly to the liquid surface. A drill chuck attached to a XZ movable
platform, was used as the upper holder of the wire. A modified alligator clamp was
attached to the glass Petri dish and used as a lower wire holder (Figure 4.8). This
Petri dish stays on the platform and it is movable in the x, y and z directions. The
platform itself has three scurvies of triangular shape in order to control the liquid
surface level perfectly parallel to the table surface or perpendicular to the sample.
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Once the wire is in place, the liquid is brought up to the top of the dish by a pump
(Stoelting Co.).

Figure 4.8. Schematic of the assembly aimed to keep fiber perpendicular to the liquid
surface.

The second step is to focus the camera on the wire and add the water in the
dish up to where the camera is focused, allowing for the meniscus to be seen (Figure
4.9). A video should be taken when the liquid is moving up the wire and the free
surface of the water is about the edge of vessel. And for the static contact angle the
picture was taken after the meniscus equilibrated. The contact angles were calculated
from the video-imaging using Matlab software, which is described in the previous
chapter.

Figure 4.9. Meniscus a) on the wire b) on the yarn
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For measuring the static contact angle for thick wires (229μm or more) one can use
only the upper holder. In this case, the fiber is simply dipped into the liquid.
4.3.3 Sample preparation
To clean the samples, we placed them into a disposable scintillation vial.
Then, the vials were filled with acetone (Sigma Aldrich) and placed in an ultrasonic
bath (Branson 2210) for 15 minutes. Next, samples were taken out and rinsed with
acetone, and placed into a vial with fresh acetone and into the sonication bath for
another 15 minutes. Then the samples were treated with the air plasma cleaner (PDC32G) for ten minutes. Samples were then immersed in deionized water to reveal the
surface hydroxyl groups. The clean samples were coated with 1% solution by weight
using the dip-coater (Nima Technology, IU-4, UK) with velocity (500mm/min) and
with non-water soluble polymers (Table 4-4). Dip coating is a process for preparation
of thin polymer films where the substrate is immersed in solution and then withdrawn
at a constant speed. This process can be done in air or in inert environment. The
withdrawal speed and the viscosity of the solution determine the coating thickness.
All polymers provided contact angles on the flat surface more than 50.

20μm

100μm

Figure 4.10. SEM images of tungsten wire covered with PGMA
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4.3.4 Calculation of the contact angle on the flat substrate
Our goal was to compare the contact angle on the flat surface and fiber. In
order to calculate the contact angle on the flat surface, the samples were prepared and
then placed under a setup that automatically produces a small drop (0.25 µL). In
Goniometry, the drop placed on the wafer is allowed to equilibrate for 30 seconds
before analyzing. Contact angle is then directly measured by measuring the angle
formed between the solid and the tangent to the droplet surface using image capturing
software (Kruss DSA, FM40Mk2, Germany).
Three droplets were placed on each wafer and the contact angle and volume of
the droplets were recorded. An average contact angle is then reported. A schematic of
this setup is shown in Figure 4.11.

Figure 4.11. An experimental setup for measurement of the contact angle on flat
surfaces.

4.4 Contact angle on wire
A similar procedure, including measurement, fitting the meniscus shape with
the model profile, and extraction of the contact angle was used to determine the
contact angle of meniscus on wires. The wires were connected to a fork-shaped
aluminum frame and held in place by alligator clips. If the droplet attained a barrel92

like configuration, the contact angle was extracted utilizing a custom-built MatLab
software based on the Carroll formulas[1, 3].
Temperature dependent contact angles
We studied the effect of temperature on wettability of thermo responsive
coatings. Two independent experiments were performed. In the first experiment, a
surface modified tungsten wire was attached to the alligator clips and connected to the
power supply. The clips were attached to the substrate and placed into an isolated box
with the controlled humidity and temperature (Figure 4.12). By adjusting voltage, we
can control the temperature of the wire. The droplet (with the wire temperature) was
then placed on the wire with 100μm in diameter.

Figure 4.12. Schematic of experimental setup for measuring the temperature
dependency of contact angle on a wire.

In the second experiment, the main setup in Figure 4.1 was modified as
follows. This setup consisted of a water pump which aided in the circulation of water
through the jacket while controlling the temperature inside the jacket. The
temperature of water was controlled by a thermocouple and the schematic of
experimental setup is shown in Figure 4.13. To avoid diffraction from the edge of the
water jacketed condenser or Petri dish, the container was slightly overfilled with
water.
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Figure 4.13. Schematic of experimental setup for measurements of the temperature
dependent contact angle.

4.5 Sample preparation for studying the contact angles on fibers.
Mr. Michael Seeber and Dr. Igor Luzinov kindly prepared the samples with
thermo-responsible coatings for the contact angle analysis[4]. Tungsten wire (127μm
in diameter) was first treated with air plasma for 10 minutes. Wires were then
immersed in deionized water to reveal surface hydroxyl groups. The wire was dipcoated into a 0.14% solution by weight of poly(glycidyl methacrylate) (PGMA,
Mn=135,000 g/mol) in chloroform. PGMA was synthesized by free radical
polymerization according to the published procedures [5]. Wires were subsequently
annealed at 1200C under vacuum for 20 minutes. Wires were rinsed 3 times in fresh
chloroform for 10 minutes following the annealing step to remove any unattached
polymer from the surface. An approximately 0.4 weight percent solution of poly(Nisopropylacrylamide) (PNIPAM) nanogels in tetrahydrofuran (THF) was deposited
on the PGMA modified tungsten wire. Following this deposition, wires were then
annealed for 12 hours at 1200C under vacuum. Finally, wires were removed and
rinsed 3 times in fresh THF for 10 minutes to remove any unattached particles from
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the surface of the wire. To confirm the presence of PNIPAM particles on the surface
of the wire, atomic force microscopy AFM (Veeco Dimension 300 atomic force
microscope, USA) was used to image the morphology of the modified wires (Figure
4.14).

Figure 4.14. AFM topographical image (10 x 10 µm) of grafted microgel layer on
tungsten wire, vertical scale: 200 nm

4.6 Conclusions
The described experimental procedures and methods of sample preparation
provided repeatable and reliable results. The proposed experimental setup is flexible
and easy to use. Developed experimental setup allows one to study inner and outer
menisci, investigating the kinetics of liquid uptake and vary temperature to examine
its effect on the contact angle.
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5

WETTING OF SOLID AND HOLLOW FIBERS

Wetting of curved surfaces is a challenging task. The drastic difference
between flat and curved substrates can be appreciated by considering an example of
wetting a cylindrical fiber with a liquid which is supposed to completely spread over a
flat substrate made of the same material. It appears that the droplet does not spread
over the fiber, but it attains a barrel-like configuration (Figure 5.1). As the contact
angle increases, one observes a change of the barrel-like configuration which
eventually transfers into a clamshell-like configuration as the angle becomes
sufficiently large [1-5] (Figure 5.1).

Figure 5.1. Configurations of the droplet on circular cylindrical fibers.

The same transformation can be observed when the droplet size decreases and
the barrel shrinks to a clamshell which cannot wrap around the fiber because of the
insufficient amount of liquid. Thus, a clamshell configuration is a signature of the
limiting case when the droplet size is small and the fiber surface works like a flat
substrate.
A barrel-like configuration can be used to characterize the surface energy of
the fiber by measuring a contact angle that the barrel makes with the fiber surface
(Figure 5.2). In the case where the drop attains a clamshell-like configuration, the
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contact angle is not well defined, Figure 5.3. Depending on the ratio between the
drop radius and wire radius, we can only make a lower estimate of the contact angle
[6].

Figure 5.2. A barrel-like configurations of droplets with different ratio of droplet to
fiber radius, n = Rd/Rf , where Rd is the droplet radius and Rf is the fiber radius. In this
example, the contact angle is zero.

Figure 5.3. Transition from barrel-like to clam-shell-like configuration[3].

Therefore, it appears to be a challenging task to characterize the surface
energy of fibers when the test liquid cannot form a barrel on the fiber. The phase
diagram shown in Figure 5.3 separates the range of contact angles where barrel-like
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droplets cannot be observed. From this diagram we cannot make any conclusion about
the contact angle of clamshell. In this Chapter, we apply the capillary rise technique to
evaluate the contact angles from this challenging region on the phase diagram.
Technical details of the method were described in Chapter 3

5.1 Capillary rise and drop-on-fiber techniques. Clean non-treated
tungsten wires.
It is instructive to compare two methods for the wettability analysis of fibers
and wires, the capillary rise and drop-on-fiber techniques. Clean non-treaded tungsten
wires with different diameters were used for these purposes. As shown in Figure
5.4a, the water droplets attain a barrel-like configuration on the clean tungsten wires.
Using Carroll’s formulas, we extracted the contact angle of these unduloids[1]. In
parallel, we ran the capillary rise experiments and extracted the contact angles from
these experiments as well (Figure 5.4b). The contact angle of the meniscus on wires
with the diameter of 0,179mm and 0.229mm is 420±3 and within the experimental
error, it is equal to the contact of the barrel-like droplet, 400±4. The contact angle on
wire with the 0.127 mm diameter is slightly lower, 360±4, compared to that on the
thicker wires.
Also, we analyzed the dependence of the meniscus height on the wire radius.
This dependence was predicted to be linear [7]. We confirm this linear dependence
(see Figure 5.5).
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Figure 5.4. a) Barrel-like water drop on a clean non-treated tungsten wire;
b) Capillary rise of the water meniscus on a clean tungsten wire.

Figure 5.5. Effect of the wire diameter on the meniscus height.

5.2 Droplets on flat substrates and fibers
The goal of this part is to examine the contact angle that droplets and menisci
make on different substrates.
In the first part of experiment we measured the contact angle of water droplets
on silicon wafer, covered with different polymers. After being deposited on the
surface of the polymer modified wafer, the droplet was allowed to equilibrate for 30
sec. As shown in Table 5-1 the contact angles depend on the polymer properties.
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Table 5-1 The contact angle of water droplets on silicon wafers covered with
different polymers
Polymer

PGMA

PVP

CA

Contact angle

62±2

59±2

65±2

230 ± 12

50 ± 7

100 ± 9

(degree)
Thickness of
the polymer
film, nm

After measuring the contact angles of water droplets on the flat substrate we
examined the properties of tungsten wire covered with the same polymers. The ratio
of the droplet diameter to fiber diameter was maintained constant, Dd/Df=3.22. Figure
5.6 illustrates both clam-shell-like and barrel-like drop configurations. The barrel-like
configuration was observed on the non-treated tungsten wires, and the clam-shell-like
configuration was observed in all other cases.

Figure 5.6. Droplets on the wires: a) non-treated tungsten wire, b) a CA coated
tungsten wire.

As was pointed out in the theoretical part, we can calculate the contact angle
on a wire only when the droplet attains a barrel-like configuration. In our case, the
contact angle of water on the not-treated tungsten wire was around 40°±30. The
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contact angle cannot be found for the rest of the samples because they presented the
clamshell-like configurations.
In order to estimate the contact angle formed by water on the treated wires, we
applied the capillary rise technique. Figure 5.7 illustrates the difference between the
water menisci formed by non-treated and cellulose acetate coated tungsten wire.

Figure 5.7. Mencius on the 127μm tungsten wires. a) Non-treated tungsten wire, b)
meniscus on the CA coated wire.

The height of the meniscus in Figure 5.7 depends on the wetting properties on
the wire. The average contact angles on three different types of coated wires are
shown in Table 5-2.

Table 5-2 The contact angle of water droplets on tungsten wires covered with
different polymers measured by meniscus rise technique.
Polymers

PGMA

PVP

CA

Contact angle

52±4

51±3

55±2

(degree)

We consistently observed that the contact angle on the coated wires is lower than that
on the flat surface. Looking for the cause of this fact we investigated the wire
morphology using Atomic Force Microscope. The wire surface appeared grooved
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suggesting that the wire roughness does affect the results of the measurements. The
AFM technique allows one to measure the roughness factor r defined as

r

ATrue
AApparent

(5.1)
,

where, ATrue is the true surface area, and AApparen is an apparent surface area.

Figure 5.8. AFM image of tungsten wire.

The AFM measured roughness factor on non-treated tungsten wire was r=1.1. Using
the roughness factor, we can explain the difference between the contact angles
measured on wafers and coated wires. The Wenzel law relates an apparent contact
angle θ* measured on a rough surface with the roughness factor r and the contact
angle θ measured on a smooth flat surface as[8]:
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cos *  r cos

(5.2)

This law suggests that the grooved wire surface provides a larger contact area for the
meniscus and hence a greater effective surface energy.
The result of coating of the grooved wire with a polymer can lead either to a
decrease or increase of the roughness factor. Indeed, the polymer can either go inside
the original grooves decreasing the wire surface area, or it can amplify the bumps or
wrinkles on the wire surface increasing the surface area. Our calculations based on the
Wentzel law are summarized in Table 5-3. It appears that our coating procedure leads
to an increase of the surface roughness.

a)

b)

c)

Figure 5.9 Profile of droplets and menisci on tungsten wires; a) The wire coated with
PGMA; b) The wire coated with PVP; c) The wire coated with cellulose acetate.
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Table 5-3. Roughness factor extracted from Wentzel’s law based on water contact
angle by meniscus rise technique..
Polymers

PGMA

PVP

CA

Clean wire

r

1.19

1.17

1.21

1.1

5.3 Wettability of the wire coated with thermo responsive polymer
To reveal the complexity, related to the water contact angle and surface effects
of the wires, we performed an investigation of the wettability of tungsten wire coated
with thermoresponsive polymer.
In the experiment, the modified tungsten wire was attached to the alligator
clips and connected to the power supply. The clips were attached to the substrate and
placed into an isolated box with controllable humidity and temperature. By adjusting
voltage, we were able to control the temperature of the wire. Figure 5.10 shows two
images of water droplets placed on the modified wire at temperatures above and
below the lower critical solution temperature (LCST) of the nanogels. Barrel-like
configurations indicate a more hydrophilic surface in nature. Reason being, the liquid
has a greater affinity to the surface which creates a larger area of interaction between
water and the modified wire. In Figure 5.10b, a clamshell configuration is observed.
In this case, the configuration indicates a more hydrophobic interaction. Water has a
decreased affinity to the modified wire above the LCST of PNIPAM, therefore
decreasing its overall exposure to the modified tungsten wire.
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a)

b)

Figure 5.10. Optical images of the droplet on the 100μm diameter tungsten wire;
a) barrel-like configuration. b) clamshell-like configuration.

From the experiment, we were unable to extract the contact angle that the
claim-shell-like droplets make with the wire. Therefore, we used the meniscus rise
technique to estimate the contact angle at the transition temperature.

a)

b)

c)

Figure 5.11 A grafted tungsten wire undergoes a wetting transition by changing the
temperature.

Figure 5.11a illustrates the shape of water meniscus on a modified tungsten
wire. This meniscus forms an acute contact angle suggesting that water wets the wire
surface at 200C. When the water and wire temperature was increased above the LCST
of the PNIPAM nanogel (420C), we observed a flattening of the meniscus with an
apparent increase of the contact angle, Figures 5.11b-c. Finally, the meniscus
disappeared and water surface became flat and perpendicular to the immersed wire.
This change directly indicates a change of the surface energy suggesting a more
hydrophobic surface. Figure 5.11b shows a transition between two droplet
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configurations. Therefore, the PNIPAM grafted nanogel retains its ability to change
the contact angle upon alternation of the environmental temperature; this coating
appears robust turning both flat and curved surfaces into hydrophobic when needed.
From the image analysis of the barrel-like droplet, Figure 5.10a, and using the
Carroll formulas[1], the contact angle was estimated to be  ~ 35 o -40o. Using the
capillary rise method and the Lo formulas[9], the contact angle was estimated to be
 ~ 14o, i.e. it is much smaller than that found for a droplet sitting on the wire. Once
again, we have to take into account the method of droplet deposition. When it was
placed on the wire, some air bubbles, most likely, where trapped underneath the
droplet surface. According to the Cassie-Baxter theory, the air bubbles being
nonwettable by water prevent wetting and hence the contact angle should
increase[10]. When the meniscus was formed by immersing the wire into water, all
bubbles were displaced leading to the Wentzel state of the meniscus contact with the
substrate. The Wentzel state results in a decreased contact angle.
These experiments show that the capillary rise technique can be used to
evaluate the contact angles of the droplets sitting on the wires in a clam-shell-like
configuration. Using a thermoresponsive coating, we demonstrated the robustness of
this technique.

5.4 Internal menisci and contact angles
5.4.1 X-ray phase contrast imaging of the formation of internal meniscus
When the hollow capillary touches the liquid surface, liquid starts to travel
along the capillary walls on both inner and outer side of the hollow tube.
Consequently, two type of menisci, each having its own dynamics of formation and
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rise are observed: inner and outer menisci. This part describes the studies of the
meniscus formation and factors affecting it.
The liquid uptake by capillary was visualized by two methods. On the very
initial stages (up to 0.001s), X-ray technique was used. This method cannot be used
for later stages of uptake due to technical limitations. Later stages were imaged with
an optical high-speed camera. While results for both methods start from time zero,
they cannot be easily superimposed, and should be considered separately.

Figure 5.12. A gallery of X-ray phase contrast images illustrating the formation of the
internal meniscus of hexadecane in the 200μm capillary tube.

The experiments were performed with hexadecane and TBP absorbed by the
capillaries of 25, 50, 100, 150 and 200μm radiuses, Figure 5.13. All capillaries
showed the same features of the meniscus formation. In all cases, meniscus forms
within a few milliseconds. From experimental observations we conclude that the
smaller the capillary diameter the shorter the time of meniscus formation. The
curvature of the meniscus appeared measurable and became stable when the meniscus
column had reached less than one capillary radius in length. The red line in Figure
5.14 represents the best fit of the meniscus shape by a semi-spherical cap. For
different liquids, the circle diameter is slightly different.
The dynamic contact angle of the newly formed meniscus was calculated as
described in Chapter 3 (3.1.4) and it is depicted in Figure 5.15.
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R=150

R=100

TBP

Hexadecane

R=200

Figure 5.13. The X-ray images of the meniscus formation of hexadecane and TPB in
glass capillaries of R = 200, 150, and 100μm radii. The red line corresponds to circles
specified the contact angle formed by TBP and the black one is that formed by
hexadecane.

Figure 5.14. The dynamic contact angle vs. time for hexadecane and TBP in the
150μm radius capillary. Meniscus enters capillary within 0.001-0.015s, its shape
cannot be approximated by a full circular arc spanning the capillary diameter. Hence
the data on contact angle values in the 0.001-0.015s timeframe should be disregarded.
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In all examined capillaries, the contact angle for hexadecane is slightly smaller than
that of TBP. As a result, the hexadecane meniscus is moving faster than that of TBP,

Height, mm

see Figure 5.16.

Time, s

Figure 5.15. Hexadecane (black line) and TBP (red line) menisci propagating through
the 150μm capillary.

5.4.2 Dynamic contact angle of internal menisci
The X-ray filming was used only to study the process of meniscus formation.
Optical microscopy with a high speed camera was utilized to track the meniscus
position and curvature evolution at later stages when the meniscus had travelled more
than a few capillary radiuses, Figure 5. 16. From Figure 5.17 we observe that the
meniscus radius decreases as it propagates deeper into the capillary. The meniscus
takes on an equilibrium shape at the end of capillary rise. During the capillary rise, the
contact angle changes from almost 800 to an equilibrium contact angle.
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Figure 5.16. The dynamics of capillary rise revealed by a high speed optical
microscopy.

The dynamics of contact angle change is shown in 5.17a. As follows from
Figure 5.14, just after the meniscus had formed, the contact angle appears to be large:
for hexadecane the contact angle was found to be  = 70 and for TBP is was found to
be  = 80. These initial contact angles were not preserved, but gradually decreased
with time. Figure 5. 17a illustrates this trend and Figure 5. 17b shows the meniscus
position as a function of time. It is worth mentioning that our experiments were run
within 25% of Jurin’s length.

a)
b)
5.17. a) The dynamic contact angle of hexadecane in 300μm capillary; b) meniscus
position as a function of time.
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Using the image analysis, we analyzed the equilibrium contact angles by
studying the maximum column height given by Jurin’s formula. The meniscus
position was defined through its lower point, see the red dot in Figure5. 18b. To
measure the height of the liquid column, two characteristic points were used. The zero
– level of the liquid column was set at the free liquid surface far away from the
capillary and the upper point was chosen at the meniscus sag. We can solve Jurin’s
formula for cosθ to obtain the equilibrium contact angle:

cos  

 ghR
2

(5.3)

In Table 5-4, we list the contact angle, calculated from Eq. 5.3 for all liquids used in
the experiment and extracted from equilibrium Jurin’s length.

Table 5-4. Equilibrium contact angle of the inner meniscus measured for different
liquids
Liquid

Hexadecane

TBP

SO

Contact angle

32±4

45±3

37.6±3

Eq.5.3 (0) extracted
from Jurin’s height
Contact angle

30±3

48±4

35±4

Eq.3.9 (0) extracted
from meniscus
curvature

To extract the equilibrium contact angle from the image of liquid column, we
calculated the meniscus radius. First, from the direct calculations using Eq. 5.3, we
obtained cos (θ) =0.81 for hexadecane. Also, the cosine theta was calculated as a ratio
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between the capillary radius r and the meniscus radius R (see explanation in Chapter
3) as shown in Figure 5.18a. This cosine theta was found to be equal to cos (θ) =
0.82. Taking into account an uncertainly in the determination of the meniscus and
wall contours, we conclude that the equilibrium contact angle of hexadecane is θ =
300±40.

a)
b)
Figure 5.18 The best fit of the profile of equilibrium meniscus with a circle.
Hexadecane in 150μm radius capillary.

It is interesting to note that the contact angle and hence the meniscus shape is
maintained the same when the meniscus approaches and then moves within the 2mm
vicinity of the equilibrium Jurin height, Figure 5.19. The profile did not change when
the meniscus had reached the equilibrium Jurin height and it stayed the same for at
least next 2 minutes of camera recording.
Thus, an analysis of the meniscus behaviour during the capillary rise suggests
that the changes of meniscus profile occurs within about 40-45% Jurin`s length. After
that any changes become undetectable. Hexadecane and TBP follow the same trend.
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Figure 5.19. Meniscus shape does not change when it moves within the 2mm vicinity
of the Jurine height. Hexadecane in the 250μm radius capillary.

5.4.3 Dynamic contact angle of external meniscus
The formation and capillary rise of external menisci of hexadecane, TBP, and
silicon oil were examined in capillaries with different diameters. The meniscus
velocity and height appeared dependent on the outer diameter of capillary tube.
Figure 5.20a. This trend was noticed for all liquids.

a)
b)
Figure 5.20 a) Dynamics of the external hexadecane meniscus in different capillary
tubes; b) kinetics of the external and internal menisci for the capillary with the 0.35
mm inner radius and the 0.435mm outer radius.

Formation of the external static meniscus was observed within tens
milliseconds (Figure 5.20a). Figure 5.20 shows the kinetics of external and internal
menisci. In both cases, the meniscus moves almost steadily at the beginning of the
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capillary rise, i.e. the height vs. time is a linear function, h~t[11]. The external
meniscus is more sensitive to the effects of gravity: the capillary rise slows down
within tens of milliseconds and then the contact line exponentially relaxes toward the
equilibrium position.
While the external meniscus is almost stabilized, the internal meniscus keeps
rising. Within fifty milliseconds the internal meniscus moves at almost constant
velocity, (Figure 5.20b). Thus, the formation of external meniscus does not
appreciably change the overall flow and movement of the internal meniscus. The
external meniscus might contribute to the apparent mass at the very beginning of the
liquid uptake. According to the results presented in Chapter 2, the effect of apparent
mass is not significant for the capillaries in question: its contribution is appraisable
only within a few radii of travel of the internal meniscus.
It is instructive, however, to compare the behaviour of the external menisci
formed by solid fibers and hollow capillaries. Available literature data on the
dynamics of formation of the external meniscus [11, 12] allow us to make this
comparison.
As shown in Refs. [11, 12], the height h of the external meniscus on a solid fiber
changes with time t as

h  0.67(

 Ret 2 1/4
)


(5.4)

where Re is the radius of the capillary and  is the liquid density. We used this
formula to compare our data on capillaries, Figure 5.21. Two different capillaries
with the internal radius Ri=0.35mm, and external radius Re =0,435mm, and with the
internal radius Ri=0.15mm, and external radius Re=0.2mm were used in our
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experiments for the comparison. We ran three experiments on each capillary and
report an averaged kinetic curve in Figure 5.22. The kinetics of capillary rise of the
external meniscus over the capillary tube appeared to be slower than that on the solid
fiber.

Figure 5.21. Capillary rise of the external hexadecane meniscus over the capillary
tubes. The dashed lines - our experimental data on capillaries, the solid lines
correspond to the experimental data on solid fibers approximated by Eq. 5.4.

This difference is most likely caused by the internal meniscus creating a suction
pressure forcing the liquid to flow from the external meniscus into the capillary.
In Figure 5.22a, we show the dynamic contact angles of the right and left
external menisci formed on the capillary of 0.25mm external radius. Both left and
right contact angles are close to each other with a deviation less than 20. These
experiments show a good repeatability (see the resulting contact angles based on three
experiments in Figure 5.22b).
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a)

b)

Figure 5.22. a) Dynamic contact angles of the right and left external menisci formed
on the capillary of 0.25mm external radius; b) an average contact from three
experiments.

Using two different techniques for calculation of the contact angle of external
meniscus as described in Chapter 3, we calculated the equilibrium contact angle
analyzing the shape of equilibrium meniscus. Both techniques provided nearly the
same results. For example, for hexadecane, the average equilibrium contact angle was
found to be 26  20 for all capillary tubes.

Figure 5.23. Optical image of left and right menisci

We observed a slight difference between the contact angles formed by the
internal and external menisci on the same capillary. For example, the hexadecane
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internal meniscus forms the 300±30 equilibrium contact angle and the external
meniscus forms the 260 ± 20 contact angle. This trend was confirmed with all tested
liquids and capillaries. An additional study is required to explain this tendency.

5.5 Conclusion
In this chapter we analyzed the wetting properties of fibers, wires, and
capillaries. We introduced the drop-on-fiber and capillary rise techniques for
characterization of the materials wetting properties. The meniscus shape analysis was
used in all these studies.
On the wires with PNIPAM thermoresponsive coatings, the contact angle
changes with temperature. We illustrated this change by demonstrating the wetting
transition when a barrel-like droplet adopts a clamshell-like configuration.

The

contact angle analysis has been done with the capillary rise technique. We confirmed
that the angle does change with temperature.
We studied the meniscus formation in capillaries and on the fibers. The X-ray
phase contrast high speed imaging was used in this study. The shapes of menisci and
the features of meniscus formation were investigated. We report for the first time the
kinetics of contact angle formation. It was demonstrated that at the very first moments
of meniscus contact with the substrate, the contact angle is almost 90  and it
decreases as the liquid front moves over the substrate. The external menisci form
within milliseconds while the contact angle of internal meniscus changes for a longer
time.
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We noticed that the contact angle of external menisci was always a few
degrees smaller than that of the internal menisci. This fact requires an additional
investigation.
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6

EXPERIMENTS ON SPONTANEOUS UPTAKE OF
LIQUIDS BY A SINGLE CAPILLARY

In this chapter, we use a single capillary to model a multiporous material. The
goal of this part is to analyze the dependence of the position of the wetting front,
velocity and fluid volume on the capillary diameter and time. We will compare
theoretical predictions which were described in Chapter 2 with the experimental
results. As was already mentioned, the long time behaviour of liquids during wicking
experiments is well-studied in the past and follows the model proposed by Lucas and
Washburn[1, 2]. In our experiments, we focus on the initial stages of liquid uptake
which are not well understood.

6.1 Tracking the meniscus propagation
The experiments have been performed using the setup described in Chapter 3.
The setup was calibrated with different liquids and capillary radii. Figures 6.1a,b
depicts the dynamics of hexadecane uptake by capillaries with radius of 100, 150,
250, 350, 450 and 750 micrometers. There is a significant difference in the time
dependence of the liquid front position: the time needed to reach a certain position
varies with the capillary diameter.
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Figure 6.1..Position of the wetting front of hexadecane as a function of time for
different capillary sizes.

As the capillary radius increases, the rate of uptake increases as well. When
the capillary radius increases above 400-450 micrometers, the uptake rate decreases
and the kinetic curves go below those corresponding to the 350μm capillary. At the
very first moments of fluid uptake, the meniscus velocity was almost constant for all
capillaries. The difference between the kinetic curves becomes more prominent as
time increases (Figure 6.2). The dependence of the uptake kinetics on the capillary
radius revealed with hexadecane was examined with two other liquids, TBP and
silicone oil. All liquids show exactly the same trend.

Figure 6.2. The change of the meniscus position as a function of capillary radius. The
data points were taken at the same time moments t=0.12, 0.06 and 0.02s.
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The difference in the rate of uptake can be clearly seen if we plot the time
needed for a given liquid to reach a certain height. In Figure 6.3 we plot the time
required to reach the three millimeter height as a function of capillary radius. When
the liquid front reaches the 3mm height, the uptake kinetics is not linear anymore. It is
obvious, that for the capillaries with radius of 0.3-0.5 millimeters, the time needed for
the liquid front to reach the 3mm height is virtually the same for hexadecane and
TBP. This information can be used for design of absorbing materials.

a)

b)

Figure 6.3. The time required for the meniscus to reach the 3mm height as a function
of capillary radius. a) TBP and hexadecane, b) silicon oil.

The rate of absorption of TBP is slower compared to the hexadecane and the
rate of absorption of silicone oil differs in an order of magnitude for the same
capillary size (Figure 6.3b). The difference in TBP and hexadecane uptake can be
explained by the fact that TBP has a higher density than hexadecane and it is more
viscous. At the same time, silicon oil has the slowest uptake kinetics, with the density
lower than TBP but with much higher viscosity. Therefore, the viscosity of the fluid
can be the major factor that causes such differences.
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Table 6-1. The time (seconds) necessary for the different liquids to reach the 3mm
height for different capillaries.
Ri(μm)

50

100

150

200

250

300

350

0.3263

0.03263

Liquids
Hexadecane 0.1318 0.05835 0.04769 0.04204 0.03765
TBP

0.1295

0.072

0.06

Silicon oil

1.663

0.7765

0.7634

0.05153 0.04729

0.04306 0.03953

0.6782

0.5325

0.6053

0.502

Depending on the application, the volume of the liquid that the material
absorbs in a certain moment of time becomes an important parameter. As an example,
Figure 6.4 shows the volume of hexadecane vs. time for different capillaries. As the
radius of the capillary increases, the time needed to absorb a definite amount of liquid
decreases – a useful fact for the design of fast absorbing materials.

Figure 6.4. Volumetric uptake of hexadecane versus time for capillaries of 150-450
μm radiuses.
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6.2 Fast kinetics. Initial meniscus velocity
6.2.1 Theoretical vs. experimental velocity
Figure 6.5 shows the meniscus velocity as a function of time for different
capillary radii at the initial stages of uptake. Three experiments for each capillary
were conducted. For all liquids which were used in our experiments, the meniscus
moved with constant velocity at initial moments of time (Figure 6.5b).
From the Bosanquet theory, the velocity reads:
UB 

2 cos 
R

(6.1)

Where, R is the inner capillary radius.

a)

b)

Figure 6.5. Velocity of the wetting front for hexadecane. a) velocity of the wetting
front in capillaries of different sizes; b)the meniscus position vs. time; a colormatched equations in the boxes correspond to a linear fit with y being value of height
and x being value of time.

The Bosanquet theory predicts a decrease of the initial velocity of the
propagating liquid front with an increase of the capillary radius. Using the equilibrium
contact angles measured in Chapter 5, Table 5.4, we can calculate the Bosanquet
velocity. The results of these calculations are shown in Figure 6.6a. Contrary to the
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Bosanquet prediction, the experimentally measured velocity stays fairly constant,
Figure 6.6a,b.

a)
b)
Figure 6.6. a) Bonsaquet (UB) and experimental (Ue) velocity of front propagation for
hexadecane, TBP and silicon oil vs. capillary radius; b) magnification of Figure 6.6a
for hexadecane, TBP and silicon oil.

The experimental velocity of the wetting front stays at almost constant level
for all capillaries. From Figure 6.6 we also observe that the Bosanquet velocity (UB)
is significantly diverged from the experimental one (Ue). The ratio between the
Bosanquet and experimental velocity is shown in Figure 6.7 and has no linear
dependency as a function of capillary radius. The experimental velocity is much lower
than the Bosanquet velocity. The ratio between the Bosanquet and experimental
velocity shows a similar trend for all three liquids. Our intent is to explain a cause of
this inconsistency.
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Figure 6.7. The ratio between the Bonsaquet and measured initial velocity for
hexadecane, TBP, and silicone oil.

The uptake of liquids by capillaries is a complex process showing that the rate
and volume of uptake changes as the capillary radius changes. A consistent deviation
of the theoretically predicted and measured initial uptake velocities calls for a
rigorous revision of the basic theoretical assumptions. We are going to address these
questions further by experimentally investigating different factors and their
combinations affecting the uptake kinetics.

6.3 Experimental classification of uptake regimes.
6.3.1 Factors affecting the uptake kinetics
The purpose of this part is to examine the theoretical predictions made in
Chapter 2. To prove our theoretical assumptions and to show the level of importance
of different forces acting on the advancing liquid front at different stages of
adsorption, the forces have been experimentally examined and compared with the
numerical solution of the fundamental equation of liquid uptake.
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6.3.2 Effect of air resistance
To study the role of air resistance on the spontaneous uptake velocity, we have
conducted experiments with the 5 and 10cm long capillaries of the 200μm inner
radius. Hexadecane was used in all experiments. If the effect of the air resistance is
prominent, one would expect the uptake in the longer capillary to be slower compared
to uptake in short capillary.

a)
b)
Figure 6.8. Meniscus position a) as a function of time in the 5cm long capillaries
(blue) and 10cm long capillaries (red), b) ratio between meniscus position in the 5cm
long capillary tube to meniscus position in the 10 cm one as a function of time
(including errors).

One can see from Figure 6.8 that the kinetics of the meniscus propagation in
the 200μm capillary is practically the same for both cases. Figure 6.8b shows the
ratio between the experimental data for short and long capillaries extracted from
Figure 6.8a. The relative error between uptake heights was calculated as 100%*(1[hi(t)/hi_2(t)], where, hi and hi_2 are experimental heights for the 5 and 10cm long
capillaries, respectively. This error is in the range of 15% in the first 0.05s and
decreases with time. Per these observations, we can neglect the air resistance as a
factor, slowing down or significantly affecting the rate of liquid uptake. This
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conclusion is valid for our particular case of less than 10cm long capillaries
confirming our scaling estimates.

6.3.3 Effect of Gravity
To study the gravity factor, the experiments with horizontal tubes were
performed. We used the same experimental setup, but touched the liquid surface with
horizontally held capillaries (Chapter 4). In the horizontally held capillaries one
would not expect any gravity effect.

Figure 6.9. Kinetics of front propagation of the hexadecane meniscus into the 150
micrometer inner radius capillary tube for perpendicular delivery of the capillary
(blue) and horizontal delivery and the capillary (black).

Figure 6.9 shows an example where hexadecane meniscus moves over the
150μm capillaries held vertically and horizontally. As was expected, no significant
differences between the uptake kinetics were observed. Therefore, one can safely
assume that the gravity effect plays no significant role in the region of interest.
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6.3.4 Meniscus friction.
One possible cause of the observed differences in uptake between differently
sized capillaries is the meniscus friction. As was described in the theoretical part, the
simplest way to characterize the friction on the meniscus is to model it as a piston
moving in the tube. Then the friction term in the fundamental equation is equal to:
. Knowing that initial velocity Ue = dh/dt(0) and then balancing
the meniscus friction with the wetting force, we can calculate the friction coefficient
as:



 cos 
U e

(6.2)

The initial velocity Ue can be extracted from the linear portion of the kinetic curve as
a tangent of inclination angle of the curve height vs. time as shown in Figure 6.5b.
For all liquids, the velocity Ue has been approximated by its maximum value and
shown in Table 6-2, Figure 6.6b.

Table 6-2. Experimental velocities Ue of hexadecane, TBP and silicone oil, (m/s).
Radius (μm)

50

100

150

200

250

300

350

Liquids
Hexadecane

0.0405

0.0810

0.0890

0.0947

0.0970

0.0980 0.110

TBP

0.0561

0.0707

0.0740

0.0773

0.0767

0.0747 0.0894

Silicone Oil

0.0030

0.0059

0.0055

0.0065

0.0080

0.0071 0.0090

From experiments with hexadecane and TBP (Figure 6.1), one clearly sees that
the meniscus travels up to two-three millimetres with a constant velocity. The larger
the capillary size, the longer the linear kinetics was observed (Figure 6.1). For
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silicone oil, this linear regime is much shorter due to viscosity of the liquid. At the
same time, all experiments show that in capillaries with R>50μm the velocity does not
depend on the capillary radius, indicating the same initial velocity of liquid front
(Tale 6-2).
Friction on the meniscus does not depend on the meniscus position, but does
depend on its velocity: this friction appears to be a factor of great influence on the
uptake. Knowing the contact angle for each liquid (Table 5-4, Chapter 5), we
extracted the value of the friction coefficient χ using Eq. 6.2. Table 6-4 summarizes
the results of our findings on friction coefficient.

Table 6-3.The friction coefficient  calculated with the contact angles from Table 54 and initial velocity Ue from Table 6-2.
Liquids

Hexadecane

TBP

SO

χ

70

50

40

θ(0)

30±3

48±4

35±4

6.4 Simplification of the fundamental equation for the spontaneous
liquid uptake
With the specified values of friction coefficient χ and contact angle θ, we can
apply our phase diagram in Figure 2.29 to examine its predictions.
According to this phase diagram, we expect that our experimental data on
hexadecane, TBP and silicon oil will be described by simplified Eq. 2.53.



dh
4
dh

h  1  0.
 cos  dt R cos  dt
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(6.3)

This equation will be utilized below for fitting the experimental curves.

6.5 Experimental analysis of forces affecting meniscus propagation
6.5.1 Linear friction
As discussed above, the friction force on the meniscus well fits the initial
region of experimental curves for all capillary radii (Figure 6.10).

Figure 6.10. The solid curves with error bars represent the experimental data obtained
for hexadecane uptake by capillaries with radii of 150 (blue), 250 (gold) and 350
(black) microns. The dashed lines of the corresponding colors (blue and black) show
the Bosanquet kinetics. The purple dashed line is a linear fit of the initial flow
kinetics, obtained with an assumption that the flow is limited by the meniscus friction.

6.5.2 Poiseuille’s friction
As described in the theoretical part (Chapter 2), with an increase of the height
of liquid column, the Poiseuille’s friction increases as well. With the specified friction
coefficient χ and contact angle θ, we can apply Eq. 2.53 to study the uptake kinetics.
Figure 6.11 shows the experimental uptake curves for hexadecane, TBP and
theoretical kinetic curves with the friction coefficient χ and contact angle θ obtained
from the experiments, Table 6.3 and 5.4, respectively.
131

a)
b)
Figure 6.11. The experimental (solid) and theoretical (dashed) kinetic curves for
hexadecane and TBP. Uptake of hexadecane into capillaries of 100, 150, 250 and 350
μm inner radii. a) Hexadecane with θ=37, χ=70, b) TBP with θ=55, χ=50. The red
dashed line – numerical representation of linear kinetics.

The red dashed line is a fit where the driving force is opposed only by the
meniscus friction as described and shown in Figure 6.11. The light green dashed line
corresponds to the numerical solution of Eq. 2.53. From the graphs one can see that
the experimental data are in a good agreement with the theoretical prediction in a
region where gravity is not important. It should be noted that we varied only capillary
radius keeping χ and θ in Eq. 2.53 the same, Table 6.3.
Figure 6.12 shows the kinetics of liquid uptake by the 150μm inner radius
capillary. Hexadecane, TBP and silicon oil are used in these experiments. The
theoretical fit with Eq. 2.53 overlaps with the experimental curves. The physical
properties of hexadecane and TBP are similar and the experimental curvatures go
close to each other for the same capillary diameter. The kinetics of silicon oil is one
order of magnitude slower and shows almost linear kinetics in Figure 6.12. Therefore,
we will review the kinetics of meniscus propagation for the SO separately.
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Figure 6.12. Meniscus propagation in the 150 micrometers radius capillary.
Hexadecane – black, TBP – red and silicone oil – blue. The dashed lines are
theoretical predictions considering friction force on the meniscus, Poiseuille’s friction
on the column and wetting driving force.

Figure 6.13. Meniscus propagation in the 150, 250 and 350μm inner radius
capillaries. Silicon oil, θ=35, χ=40.

6.5.3 Gravity
Increasing the size of capillary, the gravity becomes more and more
significant, especially if the liquid has a high density. TPB and silicon oil have almost
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the same density therefore gravity force for both liquids should become important at
the same height of capillary column. Starting from the 250μm capillary radius, we can
see a deviation from the fitting curves based on Eq. 2.53, Figure 6.11b and Figure
6.13. In Figure 6.13, the green dashed line corresponds to the theoretical predictions
with no gravity (Eq.2.53) and the red dashed line takes into account gravity.
To emphasize the influence of gravity, the spontaneous uptake of hexadecane
by capillary tube with 0.75 mm radius were checked against the predictions including
and omitting gravity. Contact angle and friction coefficient where kept constant,
θ=30, χ=70.

Figure 6.14. Uptake of Hexadecane by capillaries of the 750μm inner radius. θ=30,
χ=70. The green dashed line – no gravity, the red dashed line – gravity is present.

From numerical calculations it follows that gravity should be included when
the liquid column reaches approximately 1mm height (Chapter 2, Figure 2.16). This
theoretical prediction is in a good agreement with the experimental curve where the
green dashed line corresponds to the solution with no gravity and the red dashed line
takes into account gravity, Figure 6.14. According to Figures 6.13, 6.14, one can
conclude that the gravity starts to dominate other forces when the column reaches
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about 15-20% Jurin length, as follows from calculations for seven different capillaries
(Figure 2.14).
In our experiments, we did not focus on the kinetics at later stages (15-20% of
Jurin’s length) where gravity effects are important. For short capillaries, however,
model Eq. 2.53 describes our experiments fairly well.

6.6 Is the contact line friction linear?
6.6.1 Dynamic meniscus
In our theoretical estimates we assumed that the piston-like Newtonian friction
should completely describe a complex phenomena occurring at the contact line. It is
therefore, instructive to check this assumption. There are several theories proposing
different forms of friction force [3, 4]. In order to check these theories and not to be
biased by any of them, we will fit our experimental curves using contact angle as an
adjustable parameter. In other words, we relax our assumption and allow the meniscus
to take on any radius of curvature. The idea is that to fit the experimental curves using
Eq. 2.53 and adjusting the contact angle. If after fitting procedure we obtain the
equilibrium θ, the theory with linear friction will be considered satisfactory.
Otherwise, the theory of meniscus friction should require some corrections allowing
the curvature to change with time. As shown in papers of Egorov and Hamraoui [3,4],
the change of the meniscus curvature can be explained by non-visible meniscus
deformations at the contact line leading to an apparent change of the visible contact
angle, i.e. the meniscus radius of curvature. In this section, we show how to extract
contact angle θ by fitting the experimental data with Eq. 2.53. In order to avoid any
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gravity effects, we will use only those parts of experimental curves where gravity
effects can be safely excluded (<15-20% of Jurin’s height).
In order to fit the experimental data using only the contact angle as an
adjustable parameter, we express the friction coefficient through Eq. 6.2 and rewrite
Eq. 2.53 in the following form:
1 dh
4
dh

h  1  0.
U e dt R cos  dt

(6.5)

This form allows one to fit the experimental data using experimentally
measurable parameter Ue and known constants μ, R and σ and varying only the
contact angle.
Figure 6.15 illustrates this approach where hexadecane is used as a model
liquid. Considering only linear part of this diagram, velocity Ue was found to be Ue =
0.11 m/s.
R=0.15mm
θ=300
θ=35 0

Figure 6.15. The experimental data for hexadecane uptake by a vertical capillary with
radius R=150 microns fitted with Eq. 6-5 by varying the contact angle. A curved
layer filled with the error bars corresponds to the experimental data.

In Chapter 4, we showed that the equilibrium contact angle of hexadecane in
glass capillary is equal to θ = 29

o

-32o. In capillaries of different diameters, the
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contact angle obtained from the fitting procedure using Eq. 6.5 is not necessarily
equal to the equilibrium contact angle. For example, for hexadecane in the 150m
capillary, this angle θav=35 o (the blue line, Figure 6.15) provides the best fit of the
whole experimental data set. However, in different parts of the kinetic curve the best
fitting contact angle can be different. For example, one can observe in Figure 6.15 ,
that up to 6.5-7mm which is about seventeen percents of the Jurin length, the fitting
curve with θ=30 o (the red line) describes the experimental data fairly well. Then we
notice an increased deviation of this approximation as the height of the liquid column
increases. In different capillaries and studied liquids, the best fitting contact angle can
deviate from the equilibrium contact angle up to ± 10 degrees.
The procedure of the contact angle analysis was as follows. Using Eq.6.5, we fit
the whole kinetic curve for each capillary radius for a particular liquid. Then we
averaged this set of contact angle data and report the average contact angle for the
given liquid, (Table 6-4).

Table 6-4. Average contact angles and experimental velocity for different liquids
Liquids

Hexadecane

TBP

Silicon Oil

θ(0)

35±5

52±4

36±4

Ue(m/s)

0.11±0.01

0.09±0.01

0.009±0.0015

Equilibrium θ(0)

30±3

48±4

35±4

To confirm that these angles do characterize the liquid/glass pair and do not
depend on any effects associated with gravity, we changed the capillary orientation
from vertical to horizontal position. The experiments were repeated with two sizes of
137

capillaries with the inner radii of 150 m and 250 m. As an example, Figure 6.16
shows the fitting results using Eq. 6.5 for the inner radius of 150m. The contact
angle  = 38o provided the best fit of experimental data on vertical and horizontal
capillaries of these two sizes. This contact angle lies within the experimental error
specified in Table 6-4. Thus, the obtained contact angles summarized in Table 6-4
provide a reliable data set.
From the comparison of apparent dynamic contact angles and equilibrium
contact angles, we conclude that the deviations are not very strong. Therefore, our
model of linear friction of the contact line can be considered sufficient for description
of liquid uptake by capillaries.

a)
b)
Figure 6.16. a) Experimental data of hexadecane uptake by capillary of the 150μm
radius. The blue and red lines – experimental results for horizontal and vertical case,
respectively. The green dashed line is the best fit with 40o contact angle. b)
Continuation of the graph a to a longer time t. Observe that the green line representing
the best fit of Figure 6.16a goes above all experimental points at longer time scale.

6.7 Experimental phase diagram vs. predicted phase diagram
As was already shown in Chapter 2, inertia term plays role for the capillaries
with R>0.5mm. Our experimental work is focused on the capillaries with R<0.5mm.
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Hence, the experimental curves of uptake for the presented work are described by Eq.
2.53 or Eq. 6.5. The experimental initial velocity Ue was obtained as discussed above
and summarized in Table 6.2. Ue of 0.11m/s was used for the construction of
theoretical phase diagram (maximum experimentally measured velocity). The critical
height was defined through the point where the initial linear part of the experimental
kinetic curve reached the 10% deviation from the experimental data (Figure 2.22).
In Figure 6.17a, the upper boundary shown as the red line, specifies the
maximum height at which the linear kinetics, described by the friction force on the
meniscus, ceases and turns into a nonlinear one, described by friction force on the
meniscus and Poiseuille friction.
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a)

b)

Figure 6.17.a) Experimental phase diagram of liquid uptake by cylindrical tubes: a)
below the red curve, one observes a linear kinetics of meniscus propagation, above
this curve, the kinetics turns into a nonlinear one; b) The normalized phase diagram
from figure a): the height of liquid column is divided by the capillary radius

According to the theoretical phase diagram in Figure 2.29, increasing the
capillary radius, one expects to observe the linear kinetics for longer liquid columns.
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Figure 6.17b represents the normalized boundary curve in Figure 6.17a, representing
a ratio of the maximum height of the liquid column where one can still see the linear
kinetics, to the radius of the capillary as a function of the capillary radius. It follows
that the boundary of linear kinetics scales as hl/R ~ R-0.3. It is interesting to observe
that the greater the capillary radius, the longer the capillary length where one can
observe a linear kinetics.
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Figure 6.18. Phase diagram of hexadecane uptake. The red line – experimental phase
diagram; the green line – phase diagram from numerical solution of Eq. 2.53.

From the analysis discussed in Chapter 2, it follows that in the range of
studied capillaries, the linear kinetics of spontaneous uptake should be governed by
the meniscus friction and the wetting force. Therefore, the experimental data were
compared with the left part of the numerical phase diagram (R<<RB=0.5mm).
Experimental data, the red line, and the data extracted from the numerical solution of
Eq. 2.53, the green line, are shown in Figure 6.18. These two boundaries are very
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close to each other. Therefore, we can conclude that the experimental results confirm
the phase diagram that is build using the numerical solution of Eq. 2.53.
This diagram can be used as a guide to design the porous absorbing materials
for the liquids with low surface tension. The radius should be interpreted as a pore
radius and the height should be interpreted as a fabric thickness. A materials scientist
can choose the materials thickness and pore radius based on this diagram. For
example, if one wants to control the absorption of an oil having the friction coefficient
χ= 50-75 and viscosity around μ~3mPas, the thickness of the material and diameter of
pores can be taken from Figure 6.18.
In particular, using this phase diagram, a materials scientist can predict the
absorption kinetics for the given porous structures. For example, assuming that the
contact angle is zero (oil wets the fiber surface completely), and the pore size of the
material in question varies between 50μm to 100μm, one can state that the absorption
kinetics will be linear, h ~ t if the sample thickness is less than ~ 0.5 mm. If the
materials thickness is greater than this value, the wetting front will follow the linear
kinetics at the beginning and after the front will pass ~ 0.5 mm, the kinetics will turn
into the nonlinear kinetics described by Eq. 2.53.

6.8 Conclusion
In this chapter, using Eq. 6.2 we extracted the friction coefficient from
experimental data. We show that the linear part of initial uptake does not depend on
the capillary radius, but it is governed by friction force on the meniscus. We
experimentally proved that the air resistance and gravity do not play significant role in
uptake kinetics within the reported timescale and the capillary radius range.
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We also show that the overall uptake kinetics can be explained by the
simultaneous action of three major forces: friction force on the meniscus, Poiseuille
viscous friction and wetting force.
As shown in Figure 6.19, the linear part of experimental curve, for
R=0.15mm, h 1mm (the blue line) is described by friction on the meniscus (the
dashed golden line) and at the later stages, it turns into a non-linear kinetics described
by friction force on the meniscus and Poiseuille friction (dashed red line) as predicted
in Figure 6.18. The Lucas-Washburn kinetic curve does not overlap with the
experimentally obtained one.
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Figure 6.19. Summary of fitting of the experimental curve of hexadecane uptake into
R=0.15mm capillary.

The phase diagram based on numerical solution of Eq. 2.53 was found to be in
a good agreement with the experimental results. The constructed phase diagram can
be used as a guide for design of the porous materials for liquids uptake.
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7

CONCLUSIONS

Despite the important applications of the wicking phenomena in many fields,
only a few reports deal with the effect of materials properties on the wicking kinetics.
Currently, there are two major models that describe the liquid uptake by capillaries
and porous materials: the Bosanquet model taking into account the fluid inertia and
the Lucas-Washburn model describing the uptake kinetics at the later stages of
wicking when the Poiseuille friction dominates the inertial forces. While the later
stages of wicking are well described by the theoretical model, the initial stages of
liquid uptake are still not well understood and the measured rate of uptake
significantly deviates from the Bosanquet predictions. This trend (Bosanquet velocity
being higher than observed) is seen for circular capillaries and more complex
channels, such as V-like channels and for variety of liquids, including water, alcohols
or metal melts.
Fibrous materials are specific and in many cases show different behaviour
compared to the porous sponge-like samples made of the same material. Behaviour of
the liquid droplets on the fibers can help predict the contact angles and hence the
uptake kinetics. Depending on the surface-liquid interactions, the droplets on fibers
attain either barrel-like or clam-shell-like configurations. Only a few references report
on modeling the behaviour of drops on the fiber and even less provide the path to
extract contact angle of the liquid from the droplet shape. The wetting properties of
fibers are not well understood.
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Additional studies in the area of fiber wetting and liquids wicking into porous
media are expected to provide insights needed to fabricate pre-engineered porous
structures for liquid absorption.
The rate of the liquid uptake by pores approaches 10m/s, and for thin porous
membranes or sheets, the linear stages of uptake may end-up being the only kinetics
needed for the liquid to penetrate the material. This points the importance of
understanding of this regime and its controlling parameters.
In this work, we derived model Eq. 2.41 describing the fluid uptake dynamics
in short capillaries where the effects of apparent mass, gravity and air resistance can
be neglected. We employed an inspection analysis of this equation based on the
scaling arguments. The scaling analysis reveals four different regimes that can be
specified by the phase diagram shown in Figure 2.19 and the boundaries provide
scaling relations between h and R and physico-chemical parameters of the materials.
The findings are supported by numerical solution (Figure 2.31).
Experimental results in this work were collected using high speed camera as
one of the imaging tools. Modern high speed camera image recording is an excellent
tool to study fast processes such as imbibitions of the liquids into capillaries. High
speed imaging makes it possible to monitor the meniscus propagation not only at the
late, but also at the very early stages of the liquid uptake.
Processing of the recorded images with software such as Matlab® eliminates
the need for laborious process.
In our work, the following key steps were developed:


Recorded images were converted from RGB to 8 bit grayscale format
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Tresholding was used to differentiate between the gas and liquid
phases (the process in which the pixels of certain intensity are replaced
with either 1 or 0 value, corresponding to back or white regions,
respectively)



The shape of external meniscus and its position are determined as a
boundary between the black and white regions



Image subtraction was used to determine the shape and position of the
internal meniscus



Custom developed sub-programs provide the meniscus position,
contact angle, and velocity.

The developed experimental procedures and methods of sample preparation
provided the repeatable and reliable results. The experimental setup is flexible and
easy to use and allows one to study inner and outer menisci, investigating the kinetics
of liquid uptake at different temperature examining its effect on the contact angle.
We also analyzed the wetting properties of fibers, wires, and capillaries. We
introduced the drop-on-fiber and capillary rise techniques for characterization of the
materials wetting properties. The meniscus shape analysis was used in all these
studies. On the wires with PNIPAM thermoresponsive coatings, the contact angle
changes with temperature. We illustrated this change by demonstrating the wetting
transition when a barrel-like droplet adopts a clamshell-like configuration.

The

contact angle analysis has been done with the capillary rise technique. We confirmed
that the angle does change with temperature.
We studied the meniscus formation in capillaries and on fibers. The X-ray
phase contrast high speed imaging was used in this study. The shapes of menisci and
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the features of meniscus formation were investigated. We report for the first time the
kinetics of contact angle formation. It was demonstrated that at the very first moments
of meniscus contact with the substrate, the contact angle is almost 90  and it
decreases as the liquid front moves over the substrate. The external menisci form
within milliseconds while the contact angle of internal meniscus changes for a longer
time. The contact angle of external menisci was always a few degrees smaller than
that of the internal menisci. This fact requires an additional investigation.
Using Eq. 6.2 we extracted the friction coefficient from experimental data. We
show that linear part of initial uptake does not depend on the radii of the capillary, but
it is governed by friction force on the meniscus. We experimentally proved that the air
resistance and gravity do not play significant role in uptake kinetics within the
reported timescale and the capillary radius range. We also show that the overall
uptake kinetics can be explained by the simultaneous action of three major forces:
friction force on the meniscus, Poiseuille viscous friction and wetting force.
Phase diagram based on numerical solution of Eq. 2.53 was found to be in a
good agreement with the experimental results. The constructed phase diagram can be
used as a guide to design the porous materials for liquids uptake.

147

